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Adaptive Control of Transit Operations
Executive Summary

This project has developed methods for controlling the movement of transit vehicles
aong their routes through adaptive control. The basic concept is that adjustmentsin traffic
signals and other controlled variables, based on real-time information, may be used to help
trangit vehicles move at higher average speeds and better adhere to schedules (including,
very importantly, meet connecting transit vehicles at transfer stations).

Signal pre-emption has been considered for a long time as a possible option for
reducing delays to transit vehicles at signalized intersections. Some pre-emption, based on
very simple logic, could be implemented decades ago with much simpler technology than
that available today. The control logic might simply be "if a bus is detected or requests a
green phase, then turn green immediately, or after a minimum pre-set red duration.” Such
logic may be fairly adequate for isolated low-volume intersections. Unfortunately, transit
delays and service unreliability problems are far more attributable to closely interrelated
and congested intersections. Primitive control logic that automatically and immediately
favors trangit vehicles may cause severe problems to other treffic at the same intersection,
may serioudly disrupt a coordinated system of signals at nearby intersections and may,
sometimes, even be detrimental to transit operations (for instance, for vehicles running
ahead of schedule). Ideally, areally smart signal control system should exploit real time
information about transit operations and general traffic conditions and adapt as efficiently
as possible to changing conditions while minimizng disruptions in networks with
coordinated signals. In the process of continualy revising signal timings it should consider
in rea-time such factors as.

1. Traffic volumes at all approaches to intersections.

2. Queue lengths and potential spill-backs that might block lanes or intersections.

3. Expected arrival times of trangit vehicles at signalized intersections.



4. Expected passenger occupancies of transit vehicles and other vehicles.
5. Deviations from schedule, i.e., how far ahead or behind schedule atransit vehicleis.

6. Deviations from proper service headways with respect to preceding and following

transit vehicles.

7. Expected demand and wait times at downstream transit stations.

8. Expected arrival times of connecting transit vehicles at downstream transfer stations.

9. Expected delays to transit riders, motorists, pedestrians and other users, that are

dtributable to signal control decisions.

10. Expected vehicle operating costs attributable to signal control decisions.

11. Expected energy consumption and air quality impacts of signal control decisions.

12. Policy-based priorities that may be specified to create mode choice incentives, such

as encouraging transit use.

An adaptive control system should also predict conditions well ahead of time and start
the desired adjustments early rather than wait until the last moment, when options may be
very limited. Still, it should be able to respond quickly to any new information, including
major surprises. Thus, an ideal adaptive control system should have very good predictive
capabilities as well as data collection, data processing, decision making and
communication capabilities.

Unfortunately, existing signal control systems lack most of the characteristics and
capabilities listed above. Although systems are beginning to emerge that can reasonably
claim some adaptive control capabilities, they have very limited abilities to deal with real
networks of coordinated signals and handle transit vehicles very primitively, if a all. There
is a glaring need for adaptive control systems that can efficiently handle transit vehicles.

The need to control vehicle movements along transit routes arises because headways
are naturally unstable. Given probabilistic variations in (a) dwell times at stations (due to
variable number of boarding and exiting passengers) and/or (h) speeds along routes (due

to variable traffic congestion levels), the natural tendency of transit vehiclesisto bunch up



in platoons. Thus, if a bus falls dightly behind schedule for any reasons, it will have more
than the average number of passengers to pick up at the next station, which causes further
delays and even larger abnormal loads downstream. Thus, it keeps failing further behind
schedule. Conversely, the bus behind it encounters fewer passengers than usual and lower
dwell times, alowing it to catch up with the preceding bus. Such bunching tends to
increase as distances along routes increase, as scheduled headways decrease, and as
demand and traffic variationsincrease. It is highly undesirable, since it can greatly increase
wait times. (For example, if buses arrive at equal heaoways every 10 minutes, the average
wait time is about 5 minutes. However, if buses bunch in four-vehicle platoons arriving
every 40 minutes, the average wait time quadruples to about 20 minutes.) Transit
operators devote considerable efforts and resources to preserving headways as uniform as
possible and preventing or counteracting the natural tendency toward bunching. This has
been relatively difficult control problem and a magjor motivation for the development of
automated vehicle location (AVL) systems. A major part of the problem isthat it is
difficult to speed-up vehicles in congested traffic when they fall behind schedule. In such
cases we may, reluctantly, also sow-up the following vehicles to preserve sufficient, and
sufficiently uniform headways, or skip some stops. Signal pre-emption isavery promising
way of speeding up transit vehicles.

It is very important that deviations from schedule (or from uniform headways) be
detected and corrected as early as possible, by whatever means are available, before a
problem gets out of hand. Hence, considerable sensitivity, reliability, precision and
intelligence are desirable in the surveillance and control system.

Adaptive signa control can be used not only to stabilize headways and thereby
minimize passenger wait times at stations. It can aso be used, in conjunction with
headway stabilization or without it, to help synchronize vehicle arrivals at transfer stations,
and thus minimize transfer delays. In transit networks, transfers of passengers among

routes may be used to (1) obviate the need for direct routes connecting al origin-



destination pairs and (2) concentrate passengers on major routes to take advantage of high
speed (and high cost) equipment. However, wait time at transfer stations seems
particularly unattractive to users and may significantly deter transit usage. This wait time
at transfer stations may be drastically reduced if the arrivals of vehicles from diierent
routes can be synchronized or otherwise coordinated. Although successful timed transfers
may greatly improve service in existing networks, major restructuring of transit operations
may also be desirable to redly take advantage of this concept’s potential.

Two simulation models for bus dispatching control and for adaptive signal control
have been developed and jointly tested in this study. The bus dispatching control model is
developed for evaluating, and eventually implementing strategies along bus routes, Two
major bus operation strategies, headway-based control and schedule-based control, are
explored with the model. The headway-based strategy is to maintain proper bus headways
in order to reduce bus bunching and passenger wait time. The schedule-based strategy
controls buses toward keeping the original schedule instead of maintaining a desired
headway. Buses are controlled to adhere to their own schedule regardless of how much
bunching occurs.

The dispatching control model measures the system performance in terms of passenger
in-vehicle time and wait time, bus travel time and headway regularity analyzes the effects
of bus holding control and stop-skipping control on the effectiveness measures, while
estimating the costs to users and suppliers and providing real-time information on bus
movements and on-board passengers to control centers. Finaly, this model can search for
a combination of decision variables (i.e. smultaneously select the holding and skipping
control values) that minimizes specified objectives.

The signal control model developed in this study is a pre-timed phase-based control
procedure. The model evaluates a combined cost function of vehicle delay, number of
stops, and on-board passenger delay, and develops a preset steady timing plan that

minimizes the cost function.



With the two control models, several performance measures are analyzed at individual
intersections and on bus routes. Holding and stop-skipping controls are analyzed and
optimized based on a specified cost function. Headway-based and schedule-based control
strategies are compared by various criteria of interest. Treffic operating costs and bus wait
times are also evaluated through sensitivity analyses of parameters such as bus headways,
bus delay costs, and signal timing.

The results from the dispatching control model also show that a headway-based
strategy is preferable fpr minimizing wait time or headway deviations. Conversdly, a
schedule-based strategy is preferable for minimizing total cost, user cost, or user time.
Analyses of signa control test results show that bus priority control is cost-effective for
short-headway bus services but not beyond average headways of 40 minutes. Another
finding is that longer than minimum feasible cycles may be preferable at short bus
headways. Bus priority control with a minimum feasible cycle is found beneficia only for
the longer bus headway services. A stability boundary is also suggested for identifying full
bus priority conditions.

The integration of the two models is tested in a network. Traffic data and the
simulated intermediate performance measures are communicated between the two models
on a node-by-node basis. To compare the model with a no preemption condition, 250
sample buses on a two-way bus route are simulated. Numerical results show that the
average bus delay time can be reduced by up ‘to 55% with bus priority control. With 5
minute bus headways, the combined operating cost for buses and other traffic is reduced
by approximately 6% with priority control.

The concepts and models developed in this study can help transit operators to

significantly improve the economic performance and service quality of trangit services.
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Chapter 1 Introduction

1.1 Background

The quality of transit bus service concerns both operators and users. Bus routes may
have many stops and signals which affect bus movements and operational efficiency. The
need to control bus movements along bus routes arises because their headways are
unstable. One natural tendency of buses traveling along a route is bunching up into
platoon. This occurs because variations aways exist in bus dwell times at stops and/or
travel times along the routes. If a bus fals dightly behind schedule for any reason, it will
have more than the average number of passengers to pick up at the next station, which
causes further delays and even larger abnormal loads downstream. As a result, the bus
keeps faling further behind schedule. Conversely, the following bus would have fewer
passengers than usual and lower dwell times, alowing it to catch up with the preceding
one.

There exist some measures of effectiveness (MOE's) to fit different planning and
design gods. One of the main criteriain evaluating transit system, for both users and
operators, is delay (or vehicle wait time) at signalized intersections. Accordingly,
preferential treatment for trangit vehicles is increasingly considered in transportation
projects. Signal preemption has been considered for years as a feasible way to significantly
reduce delay to transit vehicles. Some signa preemption operations, based on simple logic,
have been implemented decades ago with much simpler technology than that available
today. However, the simplified logic which was then feasible (e.g. immediate priority to
busesin dl cases) was not really adequate even in handling isolated, low-volume
intersection interactions. For congested and sometimes even closely interrelated
intersections, transit delays and related problems resulted from service unreliability
become far more significant and intractable. In such circumstances, the usual smple

control logic which automatically and immediately favors transit vehicles may cause
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severe problems to other traffic or environmental impacts. In addition to serious
disruptions in a coordinated system of signals for nearby intersections, these controlled
manipulations may also be detrimenta to transit operations. Therefore, the issue of
tradeoffs between the social benefits and costs from signal controls for bus priority has
become amajor onein traffic management.

Control options may improve the reliahility of transit bus service and reduce their
riders’ wait time at the cost of increasing passenger in-vehicle time and bus travel time.
With such limitations, a comprehensive analysis of trangit vehicle operating performance is
needed. Ideally, several control options could be coordinated to maintain the regularity of
bus movements on routes. The options could be those treatments only good for bus
operations either a some nodes (e.g. bus stops or signas) or on some links (e.g. bus
exclusive roads or contra flow lanes). In fact, an idea adaptive control system could not
only exploit real time information about transit operations and general traffic conditions
but also adapt itself as efficiently as possible to changing traffic conditions in the networks.
Therefore, it would be able to: (1) Predict conditions well in advance and activate the
desired adjustments as early as possible, rather than urgent by the last moment when
options may be very limited. (2) Quickly respond to any new information, including major
surprises, in order to be fully adaptive between traffic conditions and controlled actions.
(3) Possess strong capabilities in data processing, decision making, signal transmission
and execution. Given these characteristics, the designed control mechanism could function
itself to meet the management goals as well as balance the tradeoffs between public
interests and private preferences.

Unfortunately, existing signal control systems are usually deficient in most of the
above features and attributes. They still have limitations for dealing with varied problems,
such as signal coordination and efficiency of transit operations, in diierent transportation

facilities. Based on these points, the development of an adaptive bus control model is
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proposed in order to effectively operate transit vehicles. The results show the success of

preemption control in reducing time cost and operation cost as well.

1.2 Objectives and Scope

Bus movements are usually mixed with other traffic. Inevitably, unexpected
disturbances may be brought about by internal and external factors of the traffic flow. The
external factors may involve elements such as characteristics of transit buses, roadway or
traffic flow impedance, random delay due to signals, and unusual passenger demands. The
interna factors may include elements such as organization and management, scheduling,
and bus assignment. Combinations of such elements might cause those bus movements to
be more complex and uncontrollable. Therefore, finding treatments for ameliorating bus
operations in mixed traffic is the major goal of this study. Two major objectives are
proposed to frame the our intention. One is to explore some efficiency problems that
transit buses might face when they operate through signals and stops. The other is to
develop an integrated control approach for transit vehicles moving along their route.

As emphasized previoudly, there are many elements affecting the operational
performance of transit vehicles. These elements may come from either links or nodes. The
influence of those link elements could make traffic behavior, such as lane changing, and
acceleration / deceleration maneuvers, too complex to be investigated. Thus, bus
operations are treated only at nodes in this study. Two mgor node controls, bus
dispatching at terminals / stops and signal preemption a intersections are regarded as the
most effective ways for reducing cost of both transit vehicles and their passengers. The
functions of these two control strategies constitute the critical issues in the following

sections. Moreover, their joint applications are also simulated and explored in this study.
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1.3 Resear ch M ethodology

To select and test the proposed approaches of node control, two preliminary tasks are
carried out. Firstly, some related studies and existing field control models are briefly
classified and reviewed. These cover treatments of bus operation a stops, bus priority at
signals, and existing adaptive signal control models. Secondly, a bus route with 6 signals
and 10 bus stops is proposed for a case study.

Treatments of node control at bus stops and signals are modeled individually, In the
development of control models for bus stops, impacts that could delay buses through
intersections, such as signal blockage and turning movement disturbance, are omitted.
Instead, log-normally distributed travel times are generated to simulate bus movements
between nodes. For bus priority, models with pre-specified signal timing options are
developed for isolated intersection control. Optimization procedures are executed when
any information regarding bus movements and/or locations is received. Some
characteristics of the models for bus stops and signals are analyzed separately before they
are combined and jointly implemented.

The joint application would especialy emphasize the linkage of the above node control
models. Bus dispatching time from any stop or discharging time from any signal has direct
effects on control decisions at al downstream nodes. Thus, the control decisions for both
stops and signals are mutually affected when buses travel aong the route. Through the
model simulation and sengitivity tests, a few results can be obtained by controlling some
critical variables such as bus headways, service types (emergency levels), and signal
timings. With these findings, a field control plan is proposed for further tests and
applications.

The report contains seven sections which are briefly described below:

1. Introduction

14



This briefly describes some efficiency and delay problems of bus operations that
might occur at either bus stops or signals. It also defines the subject and its scope of
this study.

2. State-of-the-art review

Bus control models and methods at either stops or signals are explored and
discussed. In addition, some contemporary adaptive signa control models and their
concepts are also reviewed.

3. Control models for bus movements at bus stops

Two major control strategies, headway-based and schedule-based controls, are
proposed for bus operations at stops. With each control strategy, two options of bus
dispatching, holding or skipping control, are tested separately in the simulation runs.
Cost-based statistics extracted from those simulation runs are classified and compared
in pairs to make fina control decision.

4. Control models for bus priority at signals

A simple control logic is proposed to immediately adjust current signal phasing for
treating the requests of bus passage. Traffic operating cost including passenger car
delay, total vehicular stops, and expected bus wait times are calculated and minimized
to find out the best phasing adjustment. Some service measures such as headways, bus
wait cost, and signal timings are also used to test the possible effects the control model
may cause.

5. Controls for trangit vehicles along signalized bus routes

Bus movements along a signalized route are smulated by combining the previously
developed node control models, i.e. bus dispatching control model and bus priority
model. Test results obtained via such simulation runs are systematically analyzed and
cited to support the conclusions.

6. Adaptive control test plan
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Some limitations of an adaptive transit system and their measures of effectiveness
under study are specified. A series of test plans for signal control, travel speed contral,
and bus dispatching control at transit stations, are developed for testing the models
proposed in the study.

7. Conclusions
The section states main findings of analyses and suggests future work concerning

some incurred problems of the research.

The entire research procedure is shown in figure I-I.
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Chapter 2 State-of-the-art Review

2.1 Route Controlsfor Bus Operations

The major reliability problems in transit service are the platooning of vehicles along
routes and poor connections at transfer points. The platooning and poor transfer
connections can be traced to excessive variahility in either link travel times between stops
or dwell times at stops. Therefore potential control strategies should be focused on
reducing one or both of these sources of variability. In abroad sense, the major objectives
of control strategies are to keep platoons from forming or to break them up after they
have formed, and to ensure proper arrival times at transfer points.

Accordingly, four classes of strategies can be used for improving the reliability of bus
trangit service. They are: (1) reduction of the number of stops, (2) signal preemption, (3)

provision of exclusive right of way, and (4) vehicle dispatching controls.

2.1.1 Reduction in Number of Bus Stops

Long routes are more likely to develop schedule deviation problems. As a bus travels
farther from its origin its deviation from schedule tends to increase along the route, since
more and more stochastic factors are cumulated. Shorter lines are usually easier to keep
on time because opportunities for recovery (i.e., layovers) occur more frequently. For
maintaining the reliability of uncontrolled transit service, routes should generaly be as
short as possible. Reducing number of stops (i.e., increasing stop spacing) or breaking
long routes into segments can alleviate service reliability problems [I, 2, 3, 4, 5, 63.
However, shorter bus routes and longer stop spacings may increase passenger transfer
times and access times, and frequent layovers of buses at terminal stations may increase

bus wait time.



2.1.2 Provision of Right of Way for Buses

It has been found that reserved lanes for buses improve the operation of buses,
especialy during peak periods. There is considerable empirica evidence from the United
States and other countries that reserved lanes can improve both average transit speeds and
reliability [3, 7, 8L. Nevertheless, bus lanes result in lane blockage at bus stops and
formation of weaving areas near intersections. These two disadvantages reduce the benefit
obtained from bus lanes. In genera, the main factors to be considered when deciding
whether a bus lane is desirable include the street width (the number of lanes), the volume

of buses in the peak period, the degree of congestion and the bus occupancy.

2.1.3 Control of Bus Movements along Routes
2.1.3.1 Bus Schedule Adjustment

Schedule adjustment might include implementing tighter or looser schedules. To
achieve reliable bus service, redistic schedules are required. Schedules that are too fast
will result in poor schedule adherence, while schedules that are too slow will result in long
travel times for both passengers and buses. Bus dwell time and bus running time are two
of mgor factors in setting bus schedule. A redlistic schedule requires empirical data on
actual travel times and dwell time and considers the stochastic characteristics.

Abkowitz and Engelstein (1982) examined transit running times at various times of the
day, in diierent directions of travel, and a different points aong route with empirical data
from Cincinnati, Ohio. They found that transit running times are highest and most variable
during the afternoon peak period. Regardless of time period, it is apparent that variation in
running times increases with distance from route origin so that service deteriorates as the
vehicle proceeds downstream [9].

An analysis of bus travel times and speeds was conducted in a cross section of U.S,
cities by Levinson in 1983 [I0]. Three basic analyses were conducted: (a) bus and car

speeds were compared; (b) bus travel times and delays were estimated from various field
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studies; and (c) bus travel times were derived based on dwell time, traffic congestion,
actual acceleration and deceleration rates, and distance between stops.

Abkowitz and Engelstein (1984) developed a linear regression model to estimate the
mean running time. In the model, link length, passengers boarding, passengers alighting,
percentage off-street parking signaized intersection, time of day, and direction of travel
were chosen as independent variables. Their analysis of bus running times uses bus
operations data collected from Queen City, Cincinnati. This model showed that mean
running time is highly influenced by trip distance, boarding and alighting, and signalized
intersections and to a lesser degree by parking restrictions along the route, time of day,
and direction of travel [ 11].

Guenthner and Sinha (1983) developed a mathematical model for estimating bus
dwelling time at bus stop using data from Milwaukee and Lafayette. In this suggested
model two basic assumptions were made. They are: the number of passenger boarding and
alighting at each bus stop follows a Poisson distribution, and the passenger demand is
uniformly distributed along a bus route. Bus dwelling time consists of the delay time for
the stopping and starting maneuver of a bus, the delay time for those stops with 24 or
more boarding and alighting, and the dwell time for stops with 23 or less boarding and
dighting. Using this model, authors revealed two mgjor findings: (1) An increase in posted
stops along a low-demand route will have only a minor effect on bus operating speed and
reduce the user’ s walking distance; (2) Additional posted stops along a high-demand route

will save walking distance at the cost of greater m-vehicle travel time [12].

2.1.3.2 Adjusting Service to Desired Headway

Such controls may include holding early buses and skipping stops to adhere to
schedule or maintain more equal intervals between successive buses. The previous studies
mainly focused on determining threshold value of holding and stop-skipping controls, and

identifying optimal control points.



Osuna and Newell (1972) used an analytic method to determine the optimal holding
strategy at a bus terminal. In this model, they adopted a uniform distribution of passenger
arrivals and assumed that bus bunching did not occur, and that buses had auffident |oad
capacity. Their analysis focused on holding control strategies for a simple bus system with
one or two buses. This optimal holding threshold value a* is suggested as follows:

For a system with a single bus:

B = E(W ) amgr e (2.1)

For a system with two buses:

:
o= %{E(T)- [%Var(T)E(T)]’} ............................ (2.2)

where
E(T) = average round trip travel time of bus
E(w) = average walit time of passengers
&= optimal holding threshold value
Var(T) = variance of bus travel time

They suggested that one should not apply control in anticipation of bad situations, but
wait until they happen [ 133.

Koffman (1978) smulated the movement of a single-direction bus route. In his model,
headway-based control was implemented. Two holding threshold values and two skipping
threshold values are compared. Bus-priority signal control and dispatching uncertainty are
considered. Whether bus preemption was implemented only depended on the bus on-time
performance. Koffman concluded that reducing the dispatching uncertainty and using
signal priority control could significantly improve wait time [14]. However, no
interpretation of the holding and skipping control results was provided.

Turnquist and Blume (1980) analyzed the holding strategies with a probability model
of vehicle arrival time at the control stop. They concluded that for control to be effective,
the optimal minimum headway after control must be greater than the short headway before
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control, or it does not pay to control at dl [I1S]. In the analysis, the wait time of
passengers at a specified bus stop was taken as the main criterion. They indicated that the
major costs of such a policy were borne by passengers who were aready on the vehicle,
since they were delayed when the bus was held up. Thus, the implementation of holding
control strategy makes some passengers better off at the expense of others.

Turnquist (1978) concluded that a schedule-based control could be particularly useful
on suburban routes or in other instances in which headways were quite large. The
effectiveness of headway-based controls depends on identification of an appropriate
control point along the route. He suggested that the control point should be located as
early along the bus route as possible [3].

Abkowitz and Engelstein (1984) developed an analytic model to determine the optimal

control points and threshold values according to the following cost function:

. N
W= J.;I(niw_i)"'[bjdj (xg)]+ ;(n,.W,-) ,,,,,,,,,,,,,,,,,,,,,,,,,,, (2.3)

where
TW= expected total wait time on route,
j = the control stops,
Xg = threshold,
n; = number of passengers boarding at stop i,
q = number of passengers on board at stop j,
w; = average wait time at stop i,
N = total number of stops on route, and
q(x()) = expected delay at the control stop for the threshold of x;
They found that the location of the control stop is quite sensitive to the distribution of
passengers boarding at stops. Generally, the control point occurs just before a group of

stops at which many passengers are boarding. Thus, more passengers enjoy areduction in



the wait time, because the headway variation is mainly reduced a stops that are close to
the control point. If the number on board is small, it is more likely that the threshold value
will be large. The threshold value and the location of the control point are interrelated and
they are dependent on all the input parametersin the algorithm [ 11].

Abkowitz and Engelestein (1986) concluded that headway-based control was suitable
for routes operating with short and uniform headways. When headways are short and
uniform, it is assumed that passengers arrive more randomly at stops and that they are
mainly concerned with the headway rather than the schedule. Operators are concerned
about keeping vehicles evenly spaced so that vehicle availability remains stable. Abkowitz
and Engelestein aso considered that schedule-based control was suitable to routes that
have long and/or uneven headways [ 16].

Abkowitz and Tozzi (1986) developed a mathematical model to investigate the impact
of five boardmg and alighting profiles on the effectiveness of headway-based control.
These profiles specified that passengers boarded at the beginning and alighted at the end
of route, boarded at the beginning and alighted in the middle and the end of route, boarded
at the beginning and alighted in the middie of route, boarded and aighted uniformly along
route, boarded in the middle and alighted at the end of route, respectively. They suggested
that implementing headway-based control for uniform boarding profiles may be more
feasible on routes with heavy ridership [ 17].

Seneviratne (1989) developed a simulation model to examine the performance over
time. In this model, the control points on the route are optimized according to a specified
criterion: the maximum permitted 60 seconds of headway standard deviation. At the end
of each smulation set, the point on the route where headway standard deviation exceeds
60 seconds is identified and a control point is placed a the preceding stop [ 18, 19].

Abkowitz and Lepofsky (1990) presented the results of implementing real-time
headway-based reliability control along candidate bus route operated by the Massachusetts
Bay Transportation Authority in 1987. This procedure involves holding buses at a control



point on the route until a prescribed minimum headway is achieved. They concluded that
headway-based control strategies were applicable to high-frequency transit routes where
headways are sufficiently short so that travelers arrive randomly at bus stops without
consulting a schedule. In their model, the performance measures of interest related
primarily to passenger waiting and delay times (on board delay), vehicle running times and

headways [20].

2.1.3.3 Adding Reserved Vehicles

Bus service reliability problems worsen as buses proceed along a route. If dispatching
at the route origin is on time, the headways will be reasonably regular at the early spots
aong the route. To dispatch at the origin on time, it is very effective to give drivers more
recovery time (layover) to ensure the bus leaves on schedule, or to use spare buses when
the scheduled bus can not get to the key points or when excessive crowding occurs.
Sometimes a run is delayed because of a defective bus, an inexperienced operator, or other
unusua circumstances. When this occurs, it may be desirable to add a reserve bus to fill
the gap at that point in order to achieve a better distribution of passengers on each vehicle.
Houston, Sesttle, and Toronto use reserve buses at key points aong the route [21]. The
tradeoff should be made between improvement in regularity and increase in bus supplier
cost due to additional buses.

Over the past several decades, considerable progress has been made toward a better
understanding of transit reliability control. However, previous studies have had the
following weaknesses:.

(1) Ignoring the dependent relation between bus arrival and control strategies when a bus
arrival time distribution is used,

(2) Assuming an infinite passenger capacity in each bus. This assumption neglects the
influence of bus capacity (bus frequency and seat capacity) on regularity of bus

movements.
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(3) Implementing controls at selected control points. Such control has two major
weaknesses. First, only part of the cost can be considered. Second, such control is less
effective. If abusis very late when it arrives at the selected control point, it would be
diicult for the bus to return to its expected trgjectory even if it is instructed to skip
stops.

(4) Lacking comprehensive analysis of the effects of control strategies on passenger wait
time, passenger in-vehicle time, bus travel time, user cost, and supplier cost.

(5) Lacking comprehensive comparisons between headway-based control and schedule-
based control, aswell as optimization for combinations of holding control and skipping

control.

2.2 Preemption for Transit Vehicles at Signals

Around 1975, experiments were conducted in the U.S. and several European countries
to test various methods of minmizing bus delays at intersections [22]. By taking
advantage of the IVHS technologies, most transit experts have widely conceived the
applications of transit bus preemption as a major tool in alleviating urban traffic

congestion problems.

2.2.1 Related Real-time Models
Effectiveness of transit operations at signalsis an important factor in modeling control
system for road networks. The control could improve the productivity of an intersection
by increasing its throughput or by decreasing total person-time of delay or related vehicle
operating costs. Theoretically, a real-time signal control model should be processed more
readily in accommodating with the non cyclical effects of bus operations than a fixed-time
control model does. However, in fact, both real-time and fixed-time signal control models
fail to treat on-line transit operations effectively. Thisis mainly due to the difficulties of

collecting and processing on-line data concurrently. With the strengths and deficiencies of
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treatments for contemporary transit operations, some analytical models and simulation
models for bus priority control a signals are briefly reviewed and discussed below.
SCATS, the “Sydney Coordinated Adaptive Trafic System”, developed in Australia as
a real-time adaptive control model, has been widely tested for promoting traffic operation
efficiency [23, 24, 25, 26]. In addition, a project entitled SCRAM (Signal Coordination of
Regiona Areain Melbourne) has been proposed to enhance SCATS in facilitating public
transport priority [27]. With two categories of priority provision (passive priority and
active priority), accompanied with appropriate timing strategies, SCRAM really extends
the signal control functions for public uses. For the level of passive priority, historical data
on transit vehicle (tram) operations and behavior are used to predict requirements for tram
priority. This level focuses on reducing the major sources of operating delay (approach
delay and stop delay) to the transit vehicles. Thus, several timing design features such as
using minimum cycle length, providing specia phase design for exclusive tram
movements, and providing green phase progression band are specified in thislevel. The
main function of the active priority is to selectively detect the transit vehicles (trams) in the
traffic stream and directly adjust signal timings for them. To offer higher quality of bus
service, several strategies such as executing either green extension or phase early cut-off,
providing specia phase design within multiple phases to smooth tram operation, and
suppressing non-tram phase to quickly serve a tram phase, are considered in this level.
However, although the system does provide reasonable control features, it still failsto
treat two or more transit vehicles coming from different approaches at the same time.
SPPORT, the “Signal Priority Procedure for Optimization in Real Time” mode is
primarily developed to incorporate methods of traffic responsive signa control and
operational control of transit vehicles in traffic flow [28,29]. By considering period-based
events, the traffic-responsive tool utilizes a fairly reasonable approximation to treat each
signa with large amount of uncoordinated traffic demands on al competing approaches.

SPPORT is said to be real-time for it could continually detect and use traffic information
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to update current signa plan every five seconds. To estimate departure times from
intersection, the model employs a FIFO queuing discipline with vehicle headway under
saturated condition as its service time. SPPORT can order important events by priority in
order to allocate green times. The higher an event is on the list, the more likely it isto
receive a green phase. The program is able to pre-evaluate each of the phase sequences
generated from the respective priority lists by using pre-defined cost function. Also, it can
dynamically select the most promising plan on-line for immediate short-term application.
Although some features are especially required to develop the model, both control concept
and timing strategy are most critical to make the model’s efficiency.

For the control concept, SPPORT is capable of (1) Considering events for a period of
time rather than the events at a specific point of time. (2) Constructing up to 11 priority
levels (such as queue length, queue served condition, load / unload approaching streetcar,
load / unload approaching transit buses, emergency vehicles, and maximum green time) to
further develop time-weighted priorities for evaluation. (3) Applying the B/C ratio to
compare the time-weighted priorities calculated from collected traffic data on different
intersection approaches. For the timing strategy, (1) if an event has priority P at time Ty
and lasts until time Ty, the time-weighted priority for this event will be (T, - T1)P. Based
on the priority, adecision index TWP can be calculated as

N, N,
TWP = 3.(TWP )= L(TWP,) vt (24)
where

Ng = Number of green approaches

Ny = Number of red approaches

TWP = Time-weighted priority for a green approach

TWP, = Time-weighted priority for ared approach
(2) If the TWP value is equal to or greater than 1 .0, the signal phase will not be switched.

Otherwise, it will be switched. These considerations characterize the entire modd’s
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operation. However, there also exist some problems to the model such as limited
capability of foreseeing uncertain traffic patterns dynamically, high cost of installing high-
speed computers as well as their communication system, and long computation time in
optimizing solutions.

In addition, a system called UTOPIA, the “ Urban Traffic Optimization by Integrated
Automation”, was initially designed by the Fiat Research Center in Italy and has been
tested in Toronto and Turin. It mainly considers control of private vehicles together with a
comprehensive public transport operations within a large scale, hierarchical decentralized
traffic adaptive control system. Problems are classified into two levels, Intersection level
(lower level) and Area level (decision level). The arealevel trafic model predicts O-D for
passenger cars based on historical data and real-time information collected from local
intersections. Then, a cost function considering delay to intersection traffic flow, public
transit buses, and the whole area decision policy is optimized at local level [30, 52].

For the intersection level, UTOPIA could: (1) Utiliie its microscopic model to
smulate traffic flow at asigna. (2) Determine the signa setting to get some traffic
performance index such as delay time to passenger cars and transit vehicles, vehicle stops,
queue length, and deviation from signal setting decided in the previous iteration. For the
arealevel, the model can: (1) Analyze area-wide traffic data and make predictions for main
street flows in time. (2) Apply its internal macroscopic model to entire area network and
traffic counts. (3) Optimize the tota travel time with constraints of average speed and
saturation flows. Yet, practical applications of the model have shown that the use of
average link travel time from upstream detectors may directly impact system prediction
validity and optimization performance. Also, the reliability of O-D prediction is still low

for practical uses.
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2.2.2 Enhanced Off-line Control Model

The development of the “PREEMPT” computer simulation model is intended to
present and test the feasibility of using bus preemption as a tool for transit operation
management [3 1]. The program was initially operated along an urban arteria to reduce
travel time and to improve overal travel speed without any on-board quick-response
equipment. With a built-in elasticity-based demand a gorithm, accompanied with three
entities ( @ Fleet size, headway, and cycle time, @ operating cost and revenue, and @
elasticity-based demand function), the model could explore the possible effects of
improved quality of services and fare changes on overall traffic operating cost.

PREEMPT uses “need” and “eligibility” criteria (about 5-10 seconds) to qualify a bus
preemption decision, In addition, it also proposes three strategies to arrange the signal
timing: (1) green extension, (2) red truncation, and (3) red interruption. The desired result
is fully determined by linking three entities:

(1) Fleet size, headway and cycle time

-Cycletime C=Tg+ Tgt To oo, (2.5)
« Number of bus required and fleet size:

Ny2(Dpx C)/(VeXB0) oo (2.6)
-Headway H=C/Ny oo (2.7)

where

Dp = Hourly passenger demand
V= Bus capacity
Tq = Driving time
Tg=Board / unboard time
Te = Layover time

(2) Operating cost and revenue:
Dp = K(T)YL(P)Y2 i (2.8)

where
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K = Coefficient
T= Travel time
P = Cost of travel
Y1 and Y2 = Time elasticity of demand and cost elasticity of demand
(3) Elasticity based demand function
FAC=$1.025 (X) + $21.03 (Y) + $80516 (2) ...covovvvvvviviiiiiiiii, (2.9
where
FAC = Fully Allocated Cost
X = Annua total vehicle miles
Y = Annud tota vehicle hours
Z = Number of buses required to provide peak service
Unfortunately, there are still some limitations in the simulation model such as no
capability of determining the economical fleet size and lack of amodel validation function

throughout the actual deployment of preemption hardware.

2.2.3 Other Simulation and Delay Models

In reviewing the TRANSY T program’ the entire traffic system is categorized into two
dimensions called “BUS TRANSYT” and “BASIC TRANSYT” [32, 46]. This program
was applied to obtain appropriate signal offsets and phase splits at a hypothetical site with
diierent levels of intersection volumes. The tests of model’s performance measures have
shown that a bus-actuated control system especialy suits low bus flow conditions while a
fixed-time control gives a better performance measure with high bus flow conditions. In
addition, severa bus control strategies were regulated in this program to provide deferent
levels of priority to transit buses. The authors conclude that a bus-actuated control system
operating during the major road green stage would show an improvement in the calculated
P.l. over a fixed-time system with offsets and splits given by “BUS TRANSYT". It also
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shows that the performance indices produced by a bus-actuated system are higher than a
fixed-time system if considering the compensation to the traffic on the side street.

With regard to the trade-off analyses of road user costs, some network-wide models
have been run to evaluate travel time delay and fuel consumption of all vehicles.
UTCSBPS (Urban Traffic Controls System / Bus Priority System) and NETSIM
(Network Flow Simulation for Urban Traffic Controls System) computer smulation
models were utilized to estimate the measure of effectiveness, i.e., travel time delay, for
both preemption and non-preemption cases [33]. Through instantaneous data generation,
the fuel consumption rates and emission rates can be calculated for incremental benefit-
cost analysis. Even though the results indicate a bus preemption system would be cost
effective on a network basis, the effectiveness varies among different signas in the
network.

The methodology of analytical delay models under bus signal preemption was also
proposed for application previoudy. One possible strategy is the priority treatment, which
Is also aimed at improving the capacity of intersections, of buses at signalized junctions.
Jacobson and Sheffi have developed delay models for testing traffic impact with signal bus
preemption in 1980 [34]. Their test results showed that bus priority could greatly reduce
hourly person-seconds delay of operation at high bus occupancy and high flow rate
conditions. Moreover, from the model analyses, they suggested that the benefits of bus
preemption be increased by properly adjusting severa design parameters such as signal
cycle and preemption phase duration as well as some non-preempted parameters. Based
on their model, quite a few directions of signal preemption studies were recommended
such as the correction for queue length-dependent service rates for passenger car flows,
multiple preemption control a a given cycle, and modeling the arrival process of vehicles
in batches.

Generally, when performing signal control analyses, both the design of a bus priority

scheme and such a mechanism be expected to show play a very important role in many
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studies. Most of analytica methods or simulation models developed for decades usually
use a common measure of delay incurred while traffic passes through signals with either
uniform arrival rates or complex variable flow patterns [35, 36]. For accurately estimating
the traffic measure, it is necessary to conduct more field investigations and test the signal
adjustment plans. By means of further benefit-cost analysis, the purpose of signal

adjustment could be satisfied for both private and public vehicle contrals.

2.3 Contemporary Adaptive Traffic Signal Control Systems

The current signal control hierarchy can be briefly divided into three types: (1)
centralized control system’ (2) two-level distributed control system’ and (3) multi-level
distributed control system. A centrdized control system connects al of itslocal controllers
to a central control unit. The unit only performs switching tasks and simple data
processing. A two-level distributed control system makes all of its loca controllers
execute intelligent control instructions which are sent by the central computer. A multi-
level distributed control system contains three levels: local controllers, regional computers,
and central computer. The first two levels mainly perform traffic responsive control task
while the third level executes command and monitor controls.

Based on the above hierarchy, together with signal timing strategies and control
period, the current signal systems are categorized into three. They are (1) short-term
network control systems, (2) cyclic network control systems, and (3) acyclic network

control systems [37).

2.3.1 Short-term Network Control Systems

The UTCS family developed by FHWA in the early 1970's is the most famous one of
this system. It uses off-line or on-line optimization models to respond to the traffic
variations [38]. The UTCS has been developed up to 3rd generation. However, the
evaluation of UTCS showed that the 1st generation one can outperform the others. Such
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conclusions have motivated the development of the 1.5 generation system in the early
1980's. The 1st generation system can pre-store an off-line timing plan by using its
optimization control model. However, in the 1.5 generation system, the optimal timing
plan can be generated by a specific feature selected by the users. In the 2nd generation
system, the optimization procedure is developed based on the control module in SIGOP 11
to save computation time. The 3rd generation system has the capability of varying its
background cycle length generated by SIGOP Il within a short period 3-5 minutes. Also,
its queue management control model can provide area-wide signal timings for saturated
condition.

The CALIPE system is developed to improve the limitation of classical central control
strategies so as to perform an on-line computation and update the adaptive timing plan on
a 6 minutes basis. CALIFE uses the structure of 2nd generation UTCS to operates its
traffic model and applies a model derived from TRANSYT-7 to perform its system
optimization procedure. The main advantages of CALIFE are its capability of upgrading a
classical signal system to conduct an on-line control functions, considering the possible
disturbances in the transition process. However, the system only considers stable turning
movements and saturation flows over along period in the reconstitution step [39,40].

The CLAIRE is an European prototype system for treating congested traffic
conditions. The expert system utilizes the UTCS as an 1/0 tool to make control decisions
or modify control actions. It features on-line monitoring of traffic congestion and off-line
learning control actions. A significant benefit of the system is its abiity to assimilate and

process more information than 15-20 CCTV scanned by one operator.

2.3.2 Cyclic Network Control Systems
The mgjor function of a cyclic network control system is to adjust signal operations
based on the cycle-by-cycle flow variation. Signal cycle, green duration, and offset are

optimized based on the performance measures such as stops and delay caculated by the
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internal traffic models. Two well-known systems, SCOOT and SCATS, are reviewed in
this section.

The development of SCOOT, Split, Cycle, Offset, Optimization Technique, was firstly
completed by British TRRL in the late 1975 and tested in the early 1981. It is developed
to achieve full responsive control either at an isolated signal or in a signalized network.
The central control system performs its adaptive control depending mainly on the
interaction between a central computer and a local controller. It uses a TRANSYT like
concept to predict real-time signal control effects and provides short- or long-term traffic
information for system management purposes.

In SCOQT, an optimal timing plan evolves gradually by optimizing three parameters:
green splits, cycle length, and offset. The whole optimization concept is developed with
three main considerations: (1) no sudden change in timing transition’ (2) no mechanism to
predict traffic in several minutes, and (3) no sensitivity of detector false effects. Together
with the built-in timing optimisers, the SCOQOT feature has been proven capable of
adapting medium traffic congestion conditions. However, the centralized system requires
many computers and detectors to monitor the entire area under control. Also, the null
intelligent local controllers may directly affect SCOOT to develop alocal microscopic
adaptive control strategy [41, 42, 43,44, 45, 46.

The SCATS, Sydney Coordinated Adaptive Traffic System, was commenced by the
Austradian Road and Traffic Authority in the early 1970's. The system employs a central
computer, regional computer, and local intelligent controllers to perform a large-scale
network control. The regional computer can execute adaptive control strategies without
any aid from the central computer which only monitors the system performance and
equipment  status.

SCATS employs a strategic optimization agorithm and atactical control technique to
complete the whole system optimi zation issues. The optimization philosophy contains four

major modules: (1) cycle length optimiser, (2) split optimiser, (3) internal offset optimiser,
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and (4) linking offset optimiser. The system features and the intelligent design concept
enable SCATS to expand easily and suitably for controlling any size of trdfic area.
However, the system requires a significant involvement from the traffic engineers to define
the strategic detectors, the split plan’ the offset plan, the cycle time, and the voting
criterion [23, 24, 25, 26).

2.3.3 Acyclic Network Control Systems

An acyclic control system attempts to provide its optimal decision in |-5 seconds.
Consequently, the contral is not to determine the optimal cycle, splits, or offset, but to
solve the best control sequence for adapting a very short-term demand variation. Such an
algorithm requires an extensively simple computation process to quickly reach the
solution. Some well-known approaches, such as Miller’s algorithm (1963), Bang's Traffic
Optimization Logic (TOL, 1976), MOV A (1988), OPAC (1980), and SAST (1988), have
been developed to control isolated signals. Furthermore, a few network control features
were aso developed in the mean time. Two of them are reviewed in this section [47, 48,
49).

Research for developing PRODY N was initiated in 1978 and has been tested in both
isolated intersections and networks in ZELT (Zone Experimentale et Laboratories de
Traffic de Toulouse). The promise of this system is attributable to its sophisticated traffic
state model and its dynamic on-line optimization techniques [50, 5 1].

In the demand prediction model, vehicle arrival times at the stop line are predicted for
the next Sxteen 5-second time intervals (time steps). This would cover a 75 seconds time
horizon. An internal queue model assisted by those upstream detectors, can estimate
queue length based on vertical queues, arrivals and discharge rates.

In the system optimization model, only the first step information of those siieen time
intervals is implemented as an adaptive control input. The optimization criterion is to

minimize the sum of delays over the time horizon. At the intersection level, the
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optimization model isto minimize delay by using improved forward dynamic programming
with the constrains on maximum and minimum greens. At the network level, the network
coordination optimization is performed by a decentralized control structure. The
procedure includes: (1) simulating a specific intersection output for each time step as soon
astheintersection controller finishesits optimization over the time horizon, (2) sending
the simulation output to each downstream intersection controller, and (3) each of the
downstream controllers uses the output message at the next time step to forecast arrivals.

CRONOS (ContROI of Networks by Optimization of Switchovers) was proposed in
1992. It incorporates several functions, such as modeling the over-saturated traffic
conditions, monitoring traffic conditions at signals and on links, providing efficient
optimization approach, in the real-time algorithm. The proposed optimization approach,
with its polynomially increasing n2 complexity, has shown a capability to perform real-time
computation. Two major parts of CRONOS are described below.

Firstly, the traffic prediction model can take into account the queue spatial extension in
each control link based on real-time image base detection and its past information. In
addition, it can re-actuate and memorize the left-turn vehicles stored in the intersection at
each time step in order to mode the departures from the links. Secondly, CRONOS
applies arolling-time horizon (80 seconds) concept and arevised Box algorithm in the
system optimization process. The optimization criterion isto minimize the queue delay and
travel time between signals. The improved Box algorithm and optimization process give
the modedl several advantages. (1) obtaining a near global minimum solution, (2)
considering both traffic spill over and complex left-turn maneuvers, and (3) providmg only
n2 computation complexity.

According to the test results, CRONOS can perform coordination of three successive
intersections. In addition, due to the successful use of image base detection techniques, the

system has the capability of predicting real-time horizontal queue evolution and congestion
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level at an intersection. However, the high implementation cost might become the main

obstacle for its application in alarge-scale traffic network.

2-20



Chapter 3 Control Models for Bus Movements at Bus Stops

The purpose of this chapter is to develop a control model for bus movements along a
bus route. With such a model, bus movements are simulated and bus control strategies are
analyzed and compared. This chapter presents the description of the simulation model,

anaysis of experimental results, comparison of control strategies, and conclusions.

3-1 Description of Bus Movement Simulation M odels

A computer simulation model has been constructed to investigate the characteristics of
bus movements and the relative merits of severa control strategies. In the model, a bus
route traversing an assumed urban area is modeled. The bus route consists of 10 bus stops
(including origin and destination terminals) and 6 signalized intersections. The discussion
will concentrate on the peak-hour case (baseline case) during which there are higher bus
frequencies and higher load factors. Low load and high frequency cases, aswell aslow
load and lower frequency cases are also considered in the sengitivity analysis section.

The computer simulation model consists of several subroutines, which are combined in

two streams:. passenger stream and bus stream (figures 3-1 and 3-2).

3-1-1 Description of Model Input / Output
For the model input, the following conditions are presumed:

1. Passenger arrival and departure rates along a bus route during the period of interest
have been obtained. During this period, the passenger demand is approximately stable
(figure3-3).

2. Bus service frequency is pre-planned by the bus operator. In the base-line case (peak
period), the specified bus frequency is 12 per hour. Suppose that the maximum load
capacity of available buses is 80 passengers (seat capacity 53, and standing space 27)
[53]. Thus, this bus system can serve passengers at a load factor of 0.76 eastbound
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and 0.51 westbound at the critical (maximum) occupancy point. A plot of occupancy

along the bus route is displayed in figure 3-4.
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3. Passenger arrival is a Poison process, i.e., the number of arrivals per unit time is
Poison-distributed. This implies that the interarrival time between two successive

passengers is exponentially distributed.
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4. Bus movements are influenced by traffic fluctuation. The bus travel time used in each
link (between two adjacent bus stops) is extracted from the results of TRAF-NETSIM
simulation on the assumed network. At the signalized intersections, buses may join the
vehicle queues and be delayed. In this chapter, it is assumed that the bus route
traverses an urban area with unsignaliied intersections. It is further assumed that this
bus route follows the main streets, and stop and yield signs control only the minor
streets. Thus, the buses can travel through each intersection without any intersection
approach delay. In Chapter 5, the bus movement on a bus route with signalized
intersections will be modeled, and the effect of fixed signal timing and adaptive signal
control at intersections on bus operation will be discussed.

5. Loading and unloading time are independent of each other. Loading time and unloading
time for each passenger is 2-Erlang distributed, as proposed by Kraft [54]. In our
model, the average loading time and alighting time are taken as 4.2 seconds and 2.1
seconds, respectively, which are close to the values suggested by Koffman [ 14].

A simulation experiment produces the following outputs:

(1) Waiting time (Ty,): This is the time a passenger spends for waiting buses at the bus
stop. It is counted from the time for a passenger to arrive at the bus stop through the
time for the bus to depart from that stop. In our model, the average wait time of
passengers is counted for all passengers served during the whole period of interest.
Thus, the effect of a control option on the passenger wait time at downstream stops is
also considered.

(2) Standard deviation of passenger wait time (sy): For a uniform arrival assumption, the
deviation of passenger wait timeis H /12 . Since the assumption of Poison arrivalsis
made in our model, the simulated result of STD of passenger wait time may be dlightly
different from uniform cases.

(3) In-vehicle time of passengers (T,): This s the time a passenger spends on the way,

including bus moving time, acceleration time, deceleration time, delay due to signal
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control, and the dwell time a on-board passenger spends due to bus stopping at bus
stops.

(4) User time (Ty): This is the sum of waiting time and in-vehicle time of passengers. In
the model, the average user time does not include the access time to and exit time
from the bus system since access and exit time are not related to bus movement
controls.

(5) Bustravel time (Tp): Thisis the total one-way travel time a bus spends from its
departure from the original terminal until its arrival a the destination station. Due to
the different passenger demands in the east bound and west bound directions, the bus
travel times in the two directions will be counted separately. The bus round trip timeis
the sum of the two-way travel times and average dwell time at bus terminals. It is used
to calculate the required number of buses.

(6) Average headway (h) and its standard deviation (s,): Average headway is the mean of
observed bus headway at al bus stops adong the route.

(7) Average user cost per hour. This is the product of the total passenger hours per hour
and value of passenger time.

(8) Average supplier cost per hour. This refers to the bus operating cost per hour. It is the
product of the required bus number and value of bustime.

(9) Total operating cost per hour (C): the sum of total user cost and supplier cost per

hour.

3-I-2 Description of Control Strategies at Bus Stops

In practice, holding and stop-skipping controls at bus station are often applied for
improving bus service reliability. Holding control is used to deliberately slow down an
early vehicle, and stop-skipping control is used to speed up a late vehicle. From the
control logic, two important types of bus operation control can be distinguished. One type

Is focused on maintaining constant headway between successive vehicles, and the other
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oneis oriented toward controlling vehicles to a particular schedule. The former strategy is
referred to as headway-based control, and the latter one is referred to as schedule-based
control. Each hind of control may be binary (all or nothing) or proportional

(proportional to desired headway or pre-planned schedule), as tabulated below:

Binary Control Proportiona Control
Headwav-based Control BIH PRH
Schedule-based Control BIS PRS

1. Headway-Based Control

The major objective of the headway-based control strategies isto maintain proper bus
headways (that typically means equal headways) in order to reduce bus bunching and
passenger wait time. In 1972, Osuna and Newell have derived the following expression for
expected waiting time of randomly arriving passengers [ 13]:

E(W) = E(H) / 2+ Var(H) / 2E(H) c.vv..coovover oo e e (30)
where

E(W) = average wait time for randomly arriving passengers,

E(H) = average headway between buses, and

Var(H) = variance of headway.

Thus, reducing the variance of headway will decrease the average waiting time when
the frequency of buses is specified by the operator.

Two subclasses of headway-based control are Binary Headway-Based Control (BIH)
and Proportional Headway-Based Control (PRH). “Binary” implies two options: full
control or no control. A hinary headway-based control strategy maintain each headway
between tolerable bounds oH and BH with respect to a preceding vehicle. oH is the
smallest allowed headway from the previous bus, which is called the early threshold or
early bound. H is the pre-planned headway, and a is the holding control parameter (0 < a
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<1). BH is the largest alowed headway from the previous bus, which is called as late
threshold or late bound. 8 is the skipping control parameter (8 > 1). oH and BH determine
a control range. Specialy, a = 0 represents no holding control, and positive infinite
represents no stop-skipping control. The control range should be optimized by the bus
operators. Generaly, the movement of a bus will not be controlled unless its trajectory is
beyond the bounds.

Figure 3-5 is atime-space diagram of bus movement. In the figure, line 1 (early bound)
and line 2 (late bound) define a control range for bus k+l . When the headway between the
previous bus (bus k) and the arriving bus (bus k+l) is less than oH, the arriving bus will be
held until the headway is up to oH. If the actual headway is greater than BH, the arriving
bus may be instructed to skip the stop. If bus k+l is within the control range, it will not be

controlled at all.

Distance

A

Bus k
=
ememee  Bus trajectory - - - Late-bound threashold
---------- Early-bound threashold
Figure 3-5 Headway-based control



For Proportional Headway-Based Contral, the strength of holding control parameters
is proportional to the deviation from a pre-planned headway H, and no rigid early bounds
are applied. When a bus is closer to the previous bus than the pre-planned headway, it will
be held for a certain time which is the product of the deviation from the pre-planned
headway and a given holding ratio a1 (O < ;< 1). Thus, the more a bus deviates from
the expected trgjectory, the more time it will be held. The larger the specified holding
ratio, the more held time. For instance, in figure 3-5, the bus k+| has an early deviation
from its pre-planned headway, that is, (tik +H - tik+|) > 0. Here, tjk is the departure time
of bus k at stop j, and tik+1 is the time for bus k+l at stop j to be ready to depart, and
again H is the pre-planned headway, the bus should be held for oy(t, + H - tik+]). If the
pre-planned headway is 5 minutes, and the actual headway is 3 minutes, there is 2-minute
early deviation for this bus. When 0.8 of holding rate is used, the holding time for the
early bus should be 0.8 x (5- 3) = 1.6 min.

It should be noted that even if the bus k+l at bus stop j is within the control range
consisting of line 1 and line 2, the controls are still needed, because bus k+l has deviated
fiom its pre-planned headway H. Hence, proportiona control will hold all early buses. Its
objective for this kind of control is to pull early buses gradually back to their desirable
trgjectory. This is the difference between binary and proportiona controls. With
proportiona control, the rigid late bound is till needed since proportional skipping ratio
doesn’'t make sense. Therefore, the proportional control is the combination of proportional
holding control and binary stop-skipping control.

Both hinary headway-based control and proportional headway-based control correct
the trajectory of a bus according to its location relative to the previous bus. Thus, the
departure information of the previous bus at the bus stop should be collected and
recorded, and then transmitted to the following bus. Thus, the pre-planned bus schedule

plays no role under this type of control policies.
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2. Schedule-Based Control

Schedule-based strategies control buses toward keeping the original schedule instead
of maintaining a desired headway. Therefore, the location of the previous busisirrelevant.
In schedule-based control strategies. Buses are controlled to adhere to their own schedule
regardless of how much bus bunching occurs. Nevertheless, when bus movements are
close to the schedule, bus bunching will be reduced. Therefore, schedule-based controls
can indirectly maintain regularity of bus headway.

Similarly, schedule-based controls can be classified into Binary Schedule-Based
Control (BIS) and Proportional Schedule-Based Control (PRS). For binary schedule-
based control, again, “binary” implies two option: MI control or no control. Given a pair
of tolerable deviation parameters from schedule, o'H (early tolerable deviation value or
early bound) and 8H (late tolerable deviation value or late bound), in which & (20) isthe
holding control parameter, 8' (20) is the skipping control parameter, when a bus is more
than o'H minutes ahead of the planned schedule (earlier than the early bound), it will be
held until its actual deviation is less than or equal to the tolerable deviation from schedule
(seefigure 3-6). If abusis more than BH minutes behind the schedule (later than the late
bound), it may be instructed to skip bus stops until it returns within the given control
range. If the bus is within the control range consisting of the early bound (line 1) and the
late bound (line 2), it is not controlled at all.

Binary schedule-based control can be implemented easily, because bus drivers operate
their vehicles only according to the planned schedule and the given tolerable deviation
values. The direct objective of the control strategy is to increase on-time performance of
bus operation in order to prevent bus bunching.

Similarly to proportional headway-based control, proportional schedule-based control
holds all early buses for a certain time according to the given holding ratio a'j(0 < oy < 1).
Unlike proportional headway-based contral, its holding time is computed according to the
deviation of the bus from its schedule, instead of its headway with respect to the preceding
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bus. For instance, bus k+| located at stop j is ahead of its schedule (4 < Tlys1), in
which tjk+1 is the time for bus k+| to be ready to depart from stop j, and Tjk+| isthe
schedule of bus k+l at stop j. Thus, the bus will be held for o',(Ti, - i k+)):

Disance ol - pu— ol +— pH ]

/ 7

/ Time
/7
Bus K Bus K+l Bus K+2
—— Bus trajectory ...... Early-bound value
—— Bus schedule - - - Late-bound value
Figure 3-6 Schedule-based control

This chapter focuses on the analysis and comparison of headway-based control (BIH),
proportional headway-based control, schedule-based control, and uncontrolled operation.
For these strategies, the controllable variables are holding and stop-skipping control

parameters.

3-2 Analysis of Experimental Results

In this section, bus operation performance under the Binary Headway-based (BIH) and
Binary Schedule-based (BIS) control strategies are analyzed. Analysis of Proportional
Headway-based control (PRH) and Proportional Schedule-based control (PRS) are not
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given in this research report since their optimal objective function . value is equivalent to
that of BIH and BIS respectively [55].

3-2- | Holding Control
Holding controls are used to delay bus movement deliberately when a bus is ahead of

the planned schedule or too close to the previous bus, Holding control can produce the

following results:

1. Tight controls can significantly reduce the headway variance (figure 3-7). This implies
that under tighter holding controls, the headways are distributed more evenly. Here,
tight control means that buses are brought more closely to the schedule or desired
headway. It should be noted that in the figures, the values of holding control
parameters are not given because the holding control parameters for the different
control strategies involve different concepts and measurements. The horizontal axis
just shows the directions of looser control and tighter control. The lefl end of the
scale in the figure represents the uncontrolled option, and the right end represents that
early buses are held until the schedule or the pre-planned headway is satisfied. The two
curves on figure 3-7 show that headway variance can be improved more through the
headway-based control than through the schedule-based control. Thisis because under
headway-based strategies bus movements are controlled toward headway regularity,
while under schedule-based strategies bus movements are oriented toward on-time
performance.

2. Tighter holding control can reduce the average wait time of passengers (figure 3-8 and
3-9). It can be observed that the headway-based strategy can yield a lower wait time
than the schedule-based strategy. This is because the headway-based control can reach
a smaller headway variance than the schedule-based control. Generally, wait time

decreases as headways are more equal (i.e. as headway variance decreases).
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Figure 3-9 Schedule-based holding control

3. Tighter holding controls will increase in-vehicle time of passengers (figure 3-8 and 3-9).
The in-vehicle time includes moving time and dwell time. In general, the moving time
depends on the traffic conditions. It is not related to our control options implemented
at bus stops. Thus, we can conclude that tighter holding control results in more dwell
time for on-board passengers. The average travel time of passengers consists of
average wait time and average in-vehicle time. It should be noted that average travel
time of passengers under tighter schedule-based controls tends to decrease, while the
average travel time under headway-based controls seems convex. Under headway-
based strategies, a tighter holding control reduces the user time. However, when the
holding control value exceeds some point, the user time gets worse than under
uncontrolled operation. This is because the increase of in-vehicle time exceeds the

decrease of wait time.
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4. Tighter holding controls increase bus travel time. In particular, tighter holding under
headway-based controls has significant effects on bus travel time. This is because
tighter holding control reduces the chance of early bus departures. However, when the
previous busis late, the following bus will be shifted right (i.e. delayed deliberately) to
maintain the desired headway. Thus, the trgectories of buses will tend to slope
rightward. Obviously, the bus travel time under headway-based controls will also
increase, as shown in figure 3-10. Nevertheless, under schedule-based controls, buses
are dispatched according to their schedule. The location of the previous bus does not

impact the dispatching decision for the following buses.
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Figure 3-10 Bus travel time with holding control

3-2-2 Stop-Skipping Control
The objective of stop-shipping controls is to prevent bus lateness, which is another

major cause of bus bunching. The stop-skipping option can be used with both headway-
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based controls and schedule-based controls to avoid bus lateness. Nevertheless, the
feasibility of adopting stop-skipping control is often doubtful.” Skipping stops wbuld
increase bus travel speed (line-haul speed), and decrease the in-vehicle time of on-board
passengers and the wait time of passengers at downstream stops. However, its expense is
increase of the wait time for those passengers passed by. Moreover, passengers watching a
bus going past without stopping might be discouraged from using the bus system.

This experimental result shows that the passenger wait time increases significantly with
tight stop-skipping controls, as shown in figures 3-11 and 3-12. This implies that a tight
skipping control leaves more passengers waiting for the following buses, even though it
can significantly improve the regularity of bus movements, as it is shown in figure 3-13

and 3-14 that tighter skipping controls can reduce the deviation of bus headways.
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Figure 3-11 Service time for headway-based skipping control
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This result also shows that tight stop-shipping control can reduce dlightly the in-
vehicletime. Nevertheless, passenger travel time, the sum of wait time and in-vehicle time,
Increases as stop-shipping control parameters close to the pre-planned headway or
schedule, Hence, tight slopping controls should be avoid. It can be seen that the curves of
wait time and travel time decrease and become flat as the shipping control loosens. This

implies the stop-shipping control may not be implemented.

3-3 Optimization and Evaluation of Control Strategies

The previous analysis explored individual effects of holding and shipping controls on
bus movement and performance. Naturally, a pair of control values (i.e. the early bound
and late bound) should also be considered simultaneously. Holding control values and

shipping control values, which are selected as decision-making variables, form continuous
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parameter spaces. The purpose of this section isto (1) construct an objective function, and
(2) search for good combinations of the two control values that minimize the specified

objectives.

3-3-| Objective Function and Optimal Combination of Control Parameters
Three objective functions are often particular to bus operators or bus users. They
are average wait time of passengers, average user cost, and total cost. Decision-makers
can select one or a combination of these objectives according to their actual requirement
and preferences. The total cost function is formulated as follows:
C=Q( e TwHey Ty)/60H(T+TChf oo (3.2)
where
c: total cost (Fhr.)
Q: average ridership per hour (passengers/hour)
Ty average wait time of passengers (minutes)
T,: average in-vehicle time of passengers (minutes)
¢y value of passenger wait time ($/hour)
cy: value of passenger in-vehicle time($/hour)
Tpy: bus average round-trip time (minutes)
Tg origin and destination terminal layover time (minutes)
f planned frequency of bus (buses’hour)
¢y bus operating cost rate ($/hour)
In the cost functions, Ty, Ty, and Ty, vary with control options. Their values will be
obtained through this simulation model.
A numerical example is presented to explore the effect of control options on user cost,
supplier cost, and tota cost. In the example, the following parameters are used:
value of passenger wait time = $16/hour;

value of passenger in-vehicle time = $8/hour;
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bus operating cost rate = $50/hour/bus;

origin and destination terminal layover time =10 minutes.

Figure 3-15 displays the total cost under headway-based controls. Four holding

control options and seven slopping control options are combined into 28 candidates.

These costs plot a convex cost response surface. It can be observed that when the holding

control parameter is 0.9 (the tolerable smallest headway = 0.9x5 = 4.5 min.) and skipping

control parameter is 1.4 (the tolerable largest headway = 1.4x5 = 7 min.), the minimum

total cost can be obtained. The result is consistent with the previous anaysis. for

headway-based controls, overly tight holding and slopping controls are undesirable,

Total operation cost ($1 000/r)
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Skipping control parameter

Figure 3-15 Total operation cost for headway-based control

For schedule-based controls, the tight holding control increases in-vehicle time and bus

travel time. But, their increases are not significant. However, tight holding control is quite
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beneficia in decreasing wait time and corresponding total cost, unless the bus cost is the
larger fraction of the total cost than the passenger cost. In this example, the fraction of
user cost is much more than that of supplier cost. Therefore, the a tight holding control
(until the pre-planned schedule) is applied. From figure 3-16, it can be seen that the
skipping control value should be about 0.2 (i.e. 20%) of headway. Overly tight skipping

controls increase the total cost.

Total operation cost ($1 000/hr)
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Figure 3-16 Tota operation cost for schedule-based control

3-3-2 Comparison of Headway-based and Schedule-based Strategies

Based on the simulation results, the comparison between the headway-based controls
and schedule-based controls is summarized in the following table. In the table, there are
six decision-making objectives. The value in the table shows the best level the headway-
based and schedule-based control strategies can reach with different holding and stop-
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slopping control parameter combinations. For minimum average wait time, minimum
average user time, minimum travel time of buses, and minimum headway deviation, the
east bound and west bound values are separated by a slash “/*. In this table, the operation
performance under no control aso is given in order to reflect the improvement under

controls.

Table 3-1 Comparison of the best headway- and schedule-based controls

Objective Headway-based Schedule-based
contro} control
Minimum total cost ($/hour) 4938 4891
Minimum user cost ($/hour) 4436 4411
Minimum average wait time 2.59/2.52 2.79/2.65
(minutes)
Minimum average user time 8.09/7.23 792/7.12
(minutes)
Minimum average travel time 19.8/16.6 198/ 16.6
of buses (minutes)
Min. standard deviation of 0.19/0.10 0.34/0.33
headway (minutes)

-Key: East Bound / West Bound

The result shows that at this specified 5 minute headway case, if total cost, user cost,
or user time is selected as decision-making objective, schedule-based controls are
preferred. If wait time or headway standard deviation is chosen as objective, headway-
based strategies are preferred. Headway-based strategies can reach better performance in
wait time and regularity of bus movement than schedule-based strategies, however, they
have a higher total cost. It implies that greater regularity of bus services may not always
be consistent with lower passenger cost. Therefore, the deviation of headway should not

be taken as a unique decision-making criterion.
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Chapter 4 Adaptive Signal Control for Transit Buses

Preemption strategies are intended to provide relatively high priority to transit buses
lower delays through signalized intersections, thus improving overall travel speed and
reducing travel time. Most control models with such strategies have focused on reducing
the travel times for mixed traffic rather than particular other modes. Models with more
complex features may possibly treat traffic situations (e.g. priority request of bus
movements) more accurately. However, they lose capability of promptly responding such
situations within a short time period. Conversely, models with simpler logic could deal
with such situations quickly but fail to control over the entire traffic judiciously.

With the above limitations, two key issues arise in developing a signal preemption
model for buses. First, how should a model account for the traffic operating cost at an
intersection when giving priority to buses? Second, is the model simple enough to quickly
evaluate possible situations and make decisions through its optimization logic? To deal
with these issues, the following aspects of control model are considered:

1. Design of signal base plan.

2. Formulation of traffic operating cost for signals.
3. Logic of signal preemption for buses.

4. Timing optimization for bus priority.

Each of the above modules, with its own preliminary assumptions, is characterized in
the following sections. Some control parameters of the model, such as bus service

headways and signal cycles, are also analyzed using simulation in the last section.

4.1 Fundamentals of Signal Timing Plan
A signal base plan is a timing scheme designed by referring a long term history of
traffic demands at the controlled intersection. Practically, for a n-phase fixed time signal,

the cycle length should be pre-determined before it is split into phases. Various ways for
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designing signal cycles have been developed, such as the minimum cycle method, cycle
performance method, minimum total delay method, and Webster's model [56, 57, 58, 59].
The best known method for designing signal cycles is Webster's model which estimated an

optimal cycle considering minimum delay criteria. Its cycle formula is as follows

1.5L+5
]-Zyci

Optimal cycle length C, =
where
L =Total lost time in one cycle, in seconds
¥.; =Flow ratio y; =q; /s,; for critical approach ci
The numerator of Webster's C, formula has been modified to fit different traffic
characteristics in some countries, such as (/.4L + 4) in Austria and (/.4 + k) L + 6 in
Australia (where % is the lost weight constant for stopped vehicles) [60, 61]. By
considering such formulas, A function C = AL, X, y¢;) is used in this study. Given that

the average flow rate and the saturation flow for critical movement ci are g,; and s;, a #-

phase signal cycle for the controlled intersection can be shown as

\ X L
C = ———— (critical movement i = 1,2, ... 1) eoeovereeererreererieerereeeenenns (4.2)
Xc ‘Z)’a

where
C = Cycle length in seconds
L = Total lost time in seconds/cycle (L = 3.0 x n seconds per cycle in this study).
X, = Critical ratio of the intersection. The 1985 HCM recommends X, = 0.95 to
accommodate higher flow fluctuations [62, 63, 64].

The phase splits of cycle C can be calculated based on y,; = q,; /5,; ratios (i =1 ~ n).
The critical ratio X, indicates the proportion of available capacity that is being utilized by
vehicles in critical movements. If this ratio exceeds 1.0, one or more of the critical
movements will be over-saturated. A ratio of less than 1.0 is an indication that the

intersection design, cycle, and phase plan are adequate for the existing or projected traffic
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demand, assuming that green splits are proportionally assigned [62]. For a n-phase signal,
three requirements are followed in this study:
(1) Any two effective green phase durations g; and g; should have the ratio

8 _ ciSej
g J chsci

(2) Any effective red phase duration ;, Minr; <7, <Max r, = C(J - Ei) ........... 4.4
Sck

n n
(3) For any phase k, g, = >.r; - (n-2)C-L,and r,= ). g; + L (wherei#k) ..... (4.5)
i=1 i=1
In a 2-phase signal design (7 = 2), requirement (3) can be simplified into g; = r, - L,

and r; = g, + L. The basic concept is shown in figure 4-1.

4.2 Traffic Operating Cost at Signals

Traffic demands at an intersection may vary in any time interval. The time interval is a
time step during which the flow rate on approach i, g;, saturation flow s;, and some
associated traffic performance measures are computed. The traffic pattern on each
approach during any time interval is regarded as uniform over time. Thus, an average flow
rate g, rather than g;, can be used to develop a base signal timing plan when the time
interval becomes extremely long. Based on the timing plan, the traffic performance
measured during the time period can also be expressed on an average basis (e.g. cost per
unit of time, or delay per vehicle).

In a 2-phase signal design, figure 4-2 shows how the traffic performance (inside the
shaded areas) within one cycle is measured. Instead of step flow functions, the plot uses
continuous cumulative flow functions g, (or g;) and s; (or s;) for approach / on major street
(or approach j on minor street). The shaded areas formed by such flow functions can be
applied to many traffic performance calculations. Three of such performance measures

used in this study are described as follows:
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(1) Timing for approach 1 and 3

Green
l
|| , ,
> Effective green -« Effective red
Lost time 1 Losttime 2

{2) Timing for approach 2 and 4

Red Green
I R _
Effective red «—> Effective green
Losttime 1 Lost time 2

. 2-phase signal cycle

Losnge 1 Effective green g2 Lasﬁr.ne 2
- 5 = 5
n L o
Lost time 1 Effective green g1 Lost time 2

Lost time 1 = start-up delay time in the beginning of a green phase
Lost time 2 = lost time occurs during the change interval when the intersection is cleared

Figure 4-1 Illustration of a 2-phase signal timing

4.2.1 Passenger Car Delay

One of the most important MOE's in traffic studies is the delay to vehicles and
motorists in the system. Excessive delay at a signal reflects inefficient timing setting and
directly incurs time costs to motorists during idling. Thus, appropriate traffic signal setting
can efficiently help smoothing traffic flow through a road network with minimum delay
and stoppage.

Given that the signal phase plan is well designed to handle traffic without demand
exceed capacity, the total delay (7};) per cycle can be derived by referring the shaded areas
in figure 4-2. For each intersection approach i (or j), the corresponding shaded area
represents an expectation of total vehicle-seconds incurred in one complete cycle & (C).

Therefore, the expected 7} for a 2-phase signal can be calculated by



Cycle k: C, 1

x

Major Street
(Bus Route)

Total flow

Time

q

Minor Street

Total flow

Figure 4-2 Performance measures in a signal cycle

Ky s 348,
[ (‘I11_+‘133)+2(¢122 ‘I44)]

5;—q; S3—q3 S22 54—y
1
= -2-[r12 (27 +23) +(Ci + L=11)? (23 24)] coorerrrrrmnrrermneesonsensesensensenens (4.6)

where
= Total delay per cycle, in veh-seconds/cycle
r; (r,) = Effective red time for critical movement c/ (c2). r; = C - g;, in seconds.
;= Average flow rate on approach i (f = 1 ~ 4), in veh/sec. Flows on approach i =
1 and 3 are opposing traffic on the same street. Also, flows on approaches 2
and 4 are opposing traffic on the cross street.
s; = Saturation flow rate for approach i (i = 1 ~ 4), in veh/sec.

z; = (g;s;)/(s; — §; ), where approachi =1~ 4.



The total delay per unit of time (47, in veh-sec/sec) can also be derived as
AT 3= () sttt st e b et naa s st 4.7

To illustrate the calculations, the minimal feasible cycle C; = 40 and g; = 18 seconds
are obtained using equations (4.2) and (4.3) in section.4.1 with g; (g3) = 900 vph, 7,
(g4) = 800 vph, and s; (for Vi) = 2000 vph. The total delays A7, with cycle lengths

ranging from 40 to 120 seconds are plotted in figure 4-3.

Total delay (veh-sec/sec)
22 ———r

r T T T -

3

18 ! o

16
: ,// 3
13
I %/“ ]
10 (_/C/C
7 B - re— - :
40 60 80 100 120

Cycle length (sec)

Figure 4-3 Plot of total delay vs. cycle length

4.2.2 Number of Vehicle Stops
The number of vehicle stops is a major cause of fuel consumption. From figure 4-2,
the total number of stops per cycle (7) and the total number of stops per unit of time
(AT,) for a 2-phase signal can be derived as

To=r1(z) +z3)+ry(z; +24)
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With the same §; and s; data applied in the delay measure, the total stops 47 with

cycle lengths C;, ranging from 40 to 120 seconds are plotted in figure 4-4.

Total stops (stops/sec)
0.7 —

¥e -
0.68 \

I |
0.64 N\ :
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Cycle length (sec)

Figure 4-4 Plot of vehicle stops vs. cycle length

4.2.3 Delay to Transit Buses
Delay to a bus typically affects far more on-board passengers than delay to a car.
The situation would worsen when a loaded bus is delayed by a signal. Therefore, the
expected delay to buses at signals is critical for estimating the total on-board passenger
delay.
For a non-saturated traffic condition, figure 4-2 can also be used to estimate bus

delay (e.g. ab) if the bus arrival time falls in the subject cycle &. To specify this, we let a
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bus arrive a the signal #, seconds after the start of cycle k (i.e., 0 <# <C,). Then, the

expected bus delay wr, can be estimated as

& -s) , when 7, < r, +—2L_ (gpproach i = 1 or 3)
5; S — 4

OtherWISE, Wiy = 0 oo (4.10)

wtb=r1+

4.2.4 Formulation of Traffic Operating Cost
By jointly taking account of the above three measures, the traffic operating cost for a

signaliied intersection in a specific cycle k during which m buses are served can be given
by

o (L) e, (T)+ 3 6y, (W1,)

TOC = e

where

TOC Traffic operating cost per second, in $/second

T;,  Total passenger car defay in cycle k, in vehicle-seconds

T,,  Total number of stopsin cycle k, in vehicle-stops

wt,;  Expected wait time of bus j, in bus-seconds

m Number of buses served over the entire cycle k

C,  Duration of cycle k, in seconds

cq Unit cost for each passenger car delay, in $/veh/second

¢ Unit cost for each vehicle stop, in $/veh/stop

cp;  Unit delay cost for busj, in $/bus/second. e is defined as a function of the
passengers on bus j, the average time value of passengers on bus j, and the

deviation from schedule of bus .



It should be noted that the TOC for an intersection is calculated in units of dollars
per second rather than in vehicle-time or person-time. To caculate the TOC with the
same values of §; and s; used previoudly, all unit costs must be specified in advance. In
this study, both ¢; and ¢, values are set to be $1 .0/veh/second and $10.0/vel/stop over
time. However, a few factors such as the current deviation time from schedule of bug,
and the number of passengers on bus j could affect the unit delay cost for bus j, ¢
Therefore, ¢,; could vary and then influence the TOC function over time. To
demonstrate how a ¢ ; value can affect the TOC, we assume that abusj arrives at a
signal #, seconds after the start of cycle k (0 <1, < ). The TOC curves considering

varied values of ¢, are shown in figure 4-5.
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Figure 4-5 TOC vs. bus arrival time



4.3 Bus Priority Control at Signals

Transit buses can be supervised by using passage detectors, high beam transmission,
license plate scanners, or some other advanced automatic vehicle location system (AVIS).
An AVL system may possibly include systems with Automatic Vehicle Classification
(AVC) and Automatic Vehicle Identification (AVI) functions [31]. These facilities can
provide rea time information when buses pass through the detection areas. For a control
system without support from an AVIS, locations of the upcoming buses could be traced
via the upstream detectors and/or predicted by using information from some bus stations.
Basicaly, a detection system can provide 3- to 15-second advanced information before
any busreaches the intersections. The reliability of such prior information fully depends on
where the detection facilities are located. Such advanced information could be processed
with some prediction models. Then, throughout the evaluation of countermeasures, a final
signal-related bus priority plan can be made before the subject buses arrive.

Some computer packages can treat problems of scheduling or bus operations from a
traffic engineering viewpoint [65]. Unfortunately, such packages can rarely preempt buses
by integrating both advanced data and system cost concepts. Snehamay Khasnabis et d
have addressed a number of factors that prevent such applications in the U.S. [22]. These
include the absence of a reliable technology to monitor the bus operations and to trigger
preemption, lack of standards to determine warrants, and inability of the system to
properly handle delay to motorists on the cross street. Therefore, the main work of this
section will cover the problems of

(1) formulating asimple logic to quickly process traffic data in short time intervals.
(2) adaptively adjusting signal control timing with current real traffic information and

anticipating possible impact to oncoming traffic.
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4.3.1 Basic Assumptions

To begin the model development, a simplified 4-leg intersection shown in figure 4-6 is
set as a basis. The east-west street which serves all bus movements and most of the total
entering traffic is regarded as the major one. The south-north street is now handling
passenger cars only and is regarded as the minor one. A bus route which serves two-way
bus movements is settled on the east-west major street. In addition, a traffic signal used to

adaptively regulate the existing traffic demand is installed at the intersection.

Legend: vehicles

o~
‘g detectors
& /D traffic signals
<
major street (bus route) 4

] R orcn
T

Approach 3 [_—_E [

N

# yoroiddy

Figure 4-6 Layout of a simple signalized intersection

With such basic configurations, the following preliminary conditions presumed for
characterizing the signal control model include:

1. Physical conditions:

o One-lane pavement on each of the four approaches.



« No curb parking on the intersection approaches.
« Intersection located in level terrain aress.
2. Traffic conditions:
« Random traffic inter-arrivals on each of the four approaches.
o ldentical saturation flows or departure rates for al approaches.
« All movementstraveling straight through the intersection.
« Queue discharge following a FCFS discipline.
o Link travel speeds predictable at al times.
3. Signalization conditions:
o 2-phase Signal design.
« Fully adaptive to existing traffic demand.
« Green signal for approaches on major street adjustable and available at all time.
« Capable of retrieving traffic information from upstream detection, communicating
traffic measures (such as delay and vehicle stops), and intersection flow rates to

other downstream intersections.

4.3.2 Strategy for the Signal Control Model

Although we expect to have relatively few buses compared to private cars, the buses
carry relatively large number of passengers. Thus, the developed control logic is to
compromise the treatments for “vehicles” and “persons’ in terms of total cost. The signal
system is expected to handle real time information about traffic demand and preserve road
capacity for the present and/or upcoming buses concurrently.

The demand rate may actually vary randomly over time. However, it could be
regarded as uniform when we emphasize some measures developed within a short time
interval. With this premise, measures such as queue length accumulated at the end of each
interval, total delay time or vehicular stops incurred in certain interval can be estimated

step by step.



For any time interval ¢, the available traffic data may be obtained from three stages: (1)
data accumulated in the past stage, (2) data obtained in the current time step, and (3) data
predicted for future stage. Traffic data gathered from the past and current stages are
presumed to be reliable. Also, future tragic conditions are predicted, subject to some
uncertainty. Figure 4-7 shows possible traffic demand patterns in the three stages. A
constant average flow rate based on historical traffic records is used throughout the entire
future stage. Together with a given saturation flow rate and a preset signal timing, the
demand data are used to estimate possible performance measures for the intersection in

each stage.

Flow (veh/15 sec)
10 rpmep—r—T

8 [ culrent time step

6 past stage 4-’---+)‘Mu fe-stage

averdge flow. rate

T T

0 | i A PP T

0 3 6 9 12 15 18 21 24 27 30

Time step (X 15 seconds)

Figure 4-7 Stages for the bus priority model

Figure 4-8 demonstrates the total arrivals accumulated from each time step in figure 4-

7 and a series of departures when a 60-second cycle with 50:50 green splits is applied to
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all stages. Traffic measures such as total delay, number of vehicular stops, and delay times
wy and w, for buses 1 and 2 incurred during the future stage can be estimated from this

figure.
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Figure 4-8 Total arrivals and discharges with fixed signal timing

It should be noted that timing design based on long term average flow rates could
provide a minimum feasible cycle when X, equals 1.0. A signal operating with minimum
feasible cycle C,,;, could only provide its green phases to discharge those vehicles already
in the queue. Theoretically, for a specific cycle £, if we change its duration C,;,, all later
cycles and their phasing will also be changed in order to gradually compensate for flow
variations occurring in the first changed cycle £ Such transition cycles will gradually
return to the initial minimum C;,. Figure 4-9 shows this for cases of cycle truncation and
cycle expansion when a cycle £ with Cy;, = 60 seconds is changed. For the cycle

expansion curve, the transition cycles smoothly converge to the C;, right after the
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expanded cycle C;’ (78 seconds). For the cycle truncation curve, the cycle C," that
immediately follows the truncated cycle C;" (42 seconds) is first extended up to about 66

seconds and then the following cycles gradually approach Cp;p.

Cycle length (sec)
80 ——r y——r p——r et .
5 c1 o
=< Cycle truncat;ion )

=O= Cycle expanéion ]

- cz’%@ :
60 | K"" 7 e R R W R B RN
50 | _
\[cr

0 4 8 12 16 20

70 |

40 F

Sequence

Figure 4-9 Asymptotes of cycles in trangition period

Theoreticaly, the convergence will never end exactly at the value of initial Cyp. The
more theinitial Cpy, 1S changed, the more the transition time is required. To overcome this
problem, a tolerance & that designates the absolute difference between each transition
cycleCi=hktl,........ w) and the initial Cy, 1S Used in this study. The convergence
procedure is terminated as the 7 is less than a pre-determined value (e.g. 0.5 second). The
elapsed time required to complete a convergence procedure is called a“transition period”.
Thus, atransition period may contain one or more transition cycles depending on how the

initial timing is changed.
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To describe the possible effects of a changed timing, we extend the duration of cycle
Cj, (in figure 4-8) by C’ seconds. This extends the duration of cycle Cj, from Cyy;; to C, =
Cpin + C' (see figure 4-10). The durations of all successive cycles, such as Cj.;, Cyyy, and

Cj43, are also changed.
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Figure 4-10 Phase adjustment for bus priority

Figure 4-10 shows two effects of these changed cycles:

(1) The expected total delay and number of stops to passenger cars during the
transition period are increased. The total area of triangles involved in transition
period is greater than that in figure 4-8.

(2) The expected delay to buses during the transition period is decreased. The total
wait time w; + w;, is less than that in figure 4-8.

Apparently, it is a tradeoff that any phase adjustment (either red or green) for

preempting buses might incur more delays to other traffic modes. So, a control decision
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for adjusting current phase can be made by evaluating the TOC function. A current phase
is the phase of a cycle in which the end of current time step locates. Through adjustment
of current phase and its associated transition cycles, the TOC (defined as equation 4.11) of
al vehicles involved in the transition period can be estimated. The signa timing with the
lowest expected TOC is the one to be implemented at the next time step.

4.3.3 Effective Ranges of Phasing

The current signal phasing could be changed within limits at any time step.
Theoretically, the range of phasing to be adjusted can be as wide as possible. For instance,
a complete range of green time could be from g,,;, to infinite when the red time r is given.
However, alonger phasing could lead to longer cycle and impose higher traffic costs
compared with a shorter cycle. Moreover, it could waste most of the time searching in the
wrong range. Thus, a reasonable search range of phasing (either red or green phase) is
required for quickly responding to real time traffic information.

The current time step may fall in the current cycle. Thus, determination of an effective
range depends on which phase the current time step is in. For a simple 2-phase signal
design, the current time step ¢t may be in either ared or a green phase. Each of the
sSituations corresponds to its own effective range. Figure 4-11 shows the effective ranges

for both situations.

1. Effective range of red phase

When the current time step ¢ is in a red phase, two options for adjusting phasing are
considered. One is the concurrent red/green phase adjustment. The other is the green
phase adjustment only. A preliminary test in this study comparing the expected TOC's for
both options has shown that the former imposes lower cost than the latter. Thus, the

strategy would only take account of the effective range for concurrent phasing adjustment.
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Figure 4-11 Effective ranges for phasing adjustment

The concurrent phasing adjustment means that all phases in the current cycle are
changed proportionally. If the red time is determined, all the remaining phases are aso
determined. For a 2-phase signal design, from figure 4-1 1, the effective range (a close

interval) of the current red phase for one of the critical movementsis

@p = [Max{ryin » +p} , Max{rpin , Coper 0 +q(1 : Coax — 1)

3 ,

where
t  Current e step
t;  Starttime of the current cycle C

O; Queuelength at time step,in vehicles
g  Critica flow, in veh/sec

s Saturation flow, in veh/sec
Cinax Preset maximum cycle time, in seconds

Famin Preset minimum red time, in seconds



The lower bound of a red phase equals ry;, When the elapsed time from #; is less
than ry;, (0. £ =1, in figure 4-11). Otherwise, the lower bound equals ¢ -1, (0. 1 =1,
in figure 4-11).

2. Effective range of green phase
When the current time step 7 is in a green phase, the only choice is to adjust the
green phase and keep the red phase unchanged. Green phase adjustment, either
extension or reduction, might temporarily cause oversaturation or impose more delay
to other movements. For a 2-phase signal design, from figure 4-11, the effective range
(a close interval) of the current green phase for one of the critical movements is
O = [Max{gyi » o7}, Max{guin, Couax 3] oo (4.13)
where
Zmin PTESEL Minimum green time, in seconds

r  Red time of current cycle C, in seconds

The lower bound of a green phase equals g, if the elapsed time from#; is less
than » + g, (€.9. £ = ¢ in figure 4- 1). Otherwise, the lower bound equals 1-¢,-r

(e.g.t=t;infigure 4-11).

4.3.4 Objective Function

A main goal of bus priority control isto provide transit buses with less signal delay on
their routes. Generally, such goa can be attained by specialy concerning the weight
factors of transit buses in a cost function. The cost function, with all of its terms, is
strongly related to the signal phasing. Through a cost minimization procedure, the decision
variables (either red and/or green time) can be found. The newly derived variable(s) can be

used as a basis to adjust the previous one(s).
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The TOC function (Eq. 4.11) in section 4.2.4 accounts for atotal traffic operating cost
in one cycle. Such duration could be extended to a longer period containing several
consecutive cycles. The trangition period described in section 4.3.2 is a typica one that
can be applied to the TOC function. With the same measures considered in section 4.2, the
TOC function in equation 4.11 can be revised by

k+n, k+ny+n,
TOCp= Ylcg(Ty)+es(T1+  Ylea(Ty)+es(T)]
=k I=k+n+1

m m
T0Cg= i}c,,,j(wtj)+ > ¢y ; (W)
j=

TOC=23—(TOCp + TOCg) ............ovo.. o (414)

2

I=k

where
TOC Traffic operating cost per second, in $/second
C;  Duration of cyclei, in seconds
T;; Total passenger car delay in cycle/, in vehicle-seconds

T,;  Total number of stopsin cycle/, in vehicle-stops
k+in

wi;  Expected wait time for busj to be served in period 3 C;, in bus-seconds
I=k

Indication of current cycle
m Total count of buses waiting for service at time step ¢
m;  Expected number of buses to be served in the transition period, m; < m
n Expected number of successive cycles needed to dispatch the m buses
n Total number of successive cyclesin the transition period, n;<n
ny Total number of successive non-transitiona cycles following the transition

period, n=n + n,
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cq Unit cost for each passenger car delay, in $/veh/second
cg Unit cost for each vehicle stop, in $/veh/stop

cp;  Unitdelay cost for busj, in $/bus/second
4.3.5 TOC Minimization Procedure

With a set of phase boundary (range), the TOC function can be minimized to obtain
the optimal control variable(s). For efficiently deriving the optimal phase, aline search
procedure called “Fibonacci search” is applied in this study [66, 67, 68]. The procedure is
based on the Fibonacci sequence {F,} defined as F,,; = F, + F,; (wherev=1,2,3,.......
and Fy=F; = 1). The sequence is therefore 1, 1,2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233,
..... Also, the range of phasing is defined by an initial interval of uncertainty [a, , 8;]. If the

interval of uncertainty is [a; , 4] at iteration k, two points of the signal phasing w; and A;

can be given by
‘F;l—k *
W =a; + (bk ——a,,) k= 1, 2, ....... 1 . KL (415)
Fonl
A =ap+mkely _ay ke ly. Y (4.16)
Fn-k+1

The new interval of uncertainty [ay.;, By ] iS given by [Ag, 8] if 0(Ap) > 6(1y), and
by [a, 1] if 8(ug) < 8(A4), where € is the TOC function to be minimized. Thus, the
interval of uncertainty is reduced by the factor Fy / Fyg+1- Aee1 = Mg 1T 0(A%) > 0(uyp),
and pys 7 = Mg ifO(y) < B(AY).

The Fibonacci search agorithm is very similar to another one called the “ Golden
Section Method” (GSM). Both methods are using the concept of unimodality of function
0 to reduce the interval of uncertainty [27]. The Fibonacci search differs from the GSM in
that the reduction of the interval of uncertainty varies from one iteration to another. The
GSM sets its new range of interval of uncertainty by, - ag+; = ady; - ap), where the

reduction ratio o is a constant 0.618. For sufficient observations n (i.e., n-m), 1/F;, is
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asymptotic to (0.618)*1, so that both methods are almost identical. However, when nis

S0 limited, the Fibonacci search is more efficient than the GMS.

4.4 Caseswith Signal Control for Buses
The control strategy previously developed will be tested and discussed in this section.
For systematically conducting the case analyses, al of the geometric, traffic, and control

conditions are consistent with those assumptions in section 4.3,

4.4.1 Signa Control for Two-way Bus Route

A two-way bus route system alows buses to travel in both directions of the route. A
pre-determined headway could be maintained by these buses in either direction as they
were dispaiched from the upstream bus stops. Then, some of the buses might bunch up,
while some would show up alone at downstream signals. Such situations limit the phasing
adjustment at any time step to favor al of the concurrent bus arrivals. Basicaly, the
decision of changing signal phasing is made by minimizing the expected TOC including
costs of both buses and their riders. Therefore, buses with relatively large unit delay cost
may have greater probabilities of finding green phases or reducing their delay times during
red phases.

To compare the model with a no preemption condition, 250 sample buses with 5, 10,
and 15 minute headways in two directions are smulated separately. A complete simulation
contains 10 replication runs for each bus headway. Each replication run is terminated
when atota of 250 buses is counted. To assure the results are obtained from a stable part
of the simulation run, the results for the initial 50 buses from each run are discarded. A
mean approach flow of 1,000 vph is assumed for ¢; and g; on magjor street (bus route) and
900 vph isfor ¢, and g, on minor street. The population of bus inter-arrival timesis
randomly distributed using the given mean headway, while the unit delay cost for bus j,
¢, 1S independent and identically distributed (LLD.) in the interval (0.0, 100.0]. A 60-
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second cycle with volume-weighted 2-phase splits is used as the initial signal timing.
Statistics of the "total bus delay" and the "traffic operating cost (TOC)" are explored in
the comparisons.

The resulting total delay of buses without priority is higher than that through the bus
priority model. Figure 4-12 shows the result for both models with different service

headways.

Total bus delay (bus-sec)
L] ! ’ L] L] L] L] ¥ L] L] ! L] 1] L] L)
simulation runs =10 replications i

~—- 5imin bus headway / °

— 10-min bus hfeadway /

— 15-min bus h;eadway / :

4000

3000

2000 /

w/o bus pn'or;ty

1000 / ;
| / / m priority ]
0 ] 4 s 'S ' 'S e 3 L L L '} 4 '3 '3 A 4 2 'l 2 2
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Figure 4-12 Plot of total bus delays
There are two major curve groups in figure 4-12. Each of the groups indicates that

curves of bus delay for all service headways would coincide when using the same control

model. The result also implies that, in the long mﬁ, bus service headways may have no
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effect on the improvement of total bus delay at signals. However, the bus priority model
does greatly reduce total bus delay. Table 4-1 lists the associated bus delays for both
controls with different bus headways. When compared with the no priority model, the
improved percentage of bus delays with the priority model for any service headway can
be up to 55%. This improvement rate can be referred as a basis if a signalized bus priority
control is proposed by the traffic authorities.

Bus movements treated with the priority model can result in a trade-off described in
section 4.3.2. It means that such a treatment will impose excessive costs in delays and
number of stops to other traffic modes. Table 4-2 shows the expected TOC's for both
control models with 5, 10, and 15 minute bus headways.

Table 4-1 Comparison of bus delays on the route ¢

Bus Control Average delay Total delay
headway Types (seconds/bus) (bus-seconds)
5 min. w/o priority 13.39 3,346.82
w/ priority 6.02 (-55.07%) 1,503.81
10 min. w/o priority 13.45 3,361.86
w/ priority 6.03 (-55.13%) 1,508.38
15 min. w/o priority 13.36 3,338.79
w/ priority 5.94 (-55.53%) 1,484.61

+ Number in parenthesis denotes % change compared with the no priority model

Clearly, the bus priority model can reduce cost because it optimize the TOC function
by self-adjusting the signal phasing. As the bus service headway increases, the TOC's for
both controls would decrease. Shorter headways, such as 5 minutes, increase bus passages
through intersections and thus require more phasing adjustments. This might break down
the existing tragic condition and increase costs to all drivers and passengers at signals.

Longer headways, such as 15 minutes, cause less disturbance to traffic and thus can incur



lower costs compared with the shorter headways. Also, the percentage of "cost saving"

decreases when bus headways increase.

Table 4-2 Comparison of traffic operating costs (TOC's) ¢

Bus Control TOC Total cost «
headway type ($/second) (x $1,000)
Smin. | wi/o priority 16.94 1,272.191
w/ priority 15.95 (-5.84%) 1,194.636

10 min. w/0 priority 15.84 2,378.097
w/ priority 15.32 (-3.28%) 2,296.538

15 min. w/o priority 15.44 3,472.918
w/ priority 15.12 (-2.07%) 3,401.930

¢ Number in parenthesis denotes % change compared with the no priority model
¢ Total cost accounts for the cost incurred during the entire simulation

4.4.2 Analysis of Bus Headways

Bus headways can affect the TOC when a bus priority control is used at signals.
Frequent bus service (small bus headways) could lead to high probability of bus platooning
when these buses reach the signals. On a two-way route, buses operating with long
headways in opposite directions could still have a small chance of meeting at a signal in a
very short time interval. For such situations, the bus priority model should be able to
promptly adjust the current phasing based on the minimum TOC value.

A simulation with its initial conditions similar to those in section 4.4.1, such as 60
second cycle and the independent and identically distributed bus delay cost, is conducted
by varying headways. The TOC's associated with a given bus headway are explored for
both control models. Figure 4-13 shows the simulated TOC curves.

Based on figure 4-13, bus service with shorter headways will frequently interfere the
current timing and incur higher TOC. However, the cost curves for both models are

converging as the bus headway exceeds 40 minutes. Both cost curves asymptotically
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decrease to their extreme values as bus headways approach infinity. Theoretically, the

extreme values for both curves should be identical and only occur when no bus disturbs
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Figure 4-13 Traffic operating cost vs. bus headway

Figure 4-13 also indicates that the bus priority model for short-headway (e.g. 5-min or
10-min) bus operations reduces TOC more than the no priority model. The finding leads
to the conclusion that a signalized bus priority control is especially preferred for short-
headway bus service. Conversely, the effect of TOC reduction from a bus priority model

can be very limited as the bus headways approach higher values (e.g. 40-min or 50-min).

4.4.3 Analysis of Bus Delay Costs
The passengers either on board or at bus stops may have different purposes for their
trips and thus have different urgency levels in getting their destinations. The average time

values for passengers riding buses are somewhat lower than for those in passenger cars.
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However, a bus may carry ten to thirty times more passengers than a car during peak
periods. Any signal-related delay to those high load buses could directly increase the TOC
at the intersection. Therefore, the number of passengers on a bus can significantly affect

the bus delay cost .
The time deviation from a preset bus schedule forms the other part of the bus delay

cost. Due to the external interruptions or uncertainties, a bus may sometimes move ahead
of or behind its expected schedule time. Intuitively, abus which is operating far behind the
schedule should obtain an immediate right of way from signals. Conversely, a bus which is
operating far ahead of the schedule should be slowed down or delayed at signals, provided
that effects on other traffic are considered. Therefore, the amount of time that a bus
deviates from its service schedule becomes the magjor adjustment factor of bus wait cost.
Three cases of 5, 10, and 15 minute bus headways are smulated at varied ¢;; values.,

For a given bus headway, TOC's associated with varied ¢, ; values are explored using the

bus priority model. Figure 4-14 shows the three TOC curves from simulation results.
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Figure 4-14 Traffic operating cost vs. bus delay cost
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By inspecting a specific bus delay cost on each curve, the one with shortest bus
headway incurs the highest TOC. Although the three curves are all increasing functions,
they have various rates of increase. The TOC for longer headways increases slower than
for shorter headways. It should be noted that the bus operating cost contributing to the
TOC value decreases as the bus wait cost approaches a high value. The reason is that
these highly weighted buses are always provided relatively high priority (more green or
less red time) by the control model.

A phase adjustment that gives highly weighted buses with highest priority of passing
will cause no delay to such buses. This means that the non-stop buses will contribute zero
cost to the expected TOC value. Therefore, from each curve in figure 4-14, we can define
a “stability boundary” as the highest TOC point that has the minimum ¢ ; value. A long-
dash line is drawn by connecting the boundary such as point A, B, and C on each curvein
figure 4-14. For a specific curve (such as the curve with 10-min headway), any ¢, ; value
with its corresponding TOC point to the right side of the boundary point (such as point B)
will cause no delay to the controlled buses. With this finding, the boundary line is helpful
in determining which upcoming buses should be treated with absolute priority (i.e.,

immediate green).

4.4.4 Anaysis of Signa Timing

A fixed signal with its minimal feasible cycle can minimize average delay to individual
vehicles provided that the traffic demand is constant. The delay time which constitutes a
major part of cost can always result alowest TOC value when (1) the delay costs for any
bus are low, or (2) no bus calls for preemption. As a signal is working with a minimum
cycle setting, extending the current phasing will be the only choice for bus priority. Thus,
a longer than minimum cycle could be beneficial for better phasing adjustment.

A case with an initial minimal cycle of 60 seconds (splits are determined on a volume-

weighted basis) is explored with diierent bus service headways. For a given bus headway,
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the relations between cycle length and their corresponding TOC value are plotted in figure
4-15,
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Figure 4-15 Traffic operating cost vs. signal cycle time

Figure 4-15 shows that, for a given cycle time, shorter headways incur TOC higher
than longer headways. This implies that more frequent bus services (such as 5 or 10
minute headway) require more frequent signal phase changes. To obtain a relatively low
TOC, longer cycles (such as 70-second cycle for both 5-min and 10-min bus headways)
are preferable than the minimal one (i.e., 60-second cycle). At longer headways (such as
15 minutes), the rarity of timing disturbances pushes the signa toward the minimal 60-
second cycle.

The trend for each curve in figure 4-15 also implies that appropriate signal timing is
vital to reduce the TOC in the long run. Using a minimal feasible cycle for bus priority
control may be cost-effective only when the average bus service headway is relatively

long.
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Chapter 5 Control of Transit Vehicles along Signalized Routes

5.1 Case Study Inputs
5.1.1 Network Configuration and Traffic Patterns
The bus dispatching control model and the signalized bus priority control model have
been separately developed and tested in the previous sections. It has been shown that both
control models can improve some bus service measures, such as bus travel time, dwell
time, and passenger wait time, as well as optimize the control points for bus operations.
This section will test the models on a simple network which contains 22 nodes,
including 12 intersections and 10 bus stops. For simplicity, each link connecting two nodes
Is assumed to have one lane in each direction. An east-west bus route involving all 10 bus
stops and 6 of the 12 intersections is assumed to pass through the network, as shown in

figure 5.

Figure 5| Bus route on the network
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With the basic configuration, a smulation model TRAF-NETSIM has been applied to
the network. To make the simulation model work correctly, each of the bus stops along
the route is coded as a dummy node from which all entering vehicles depart immediately.
In addition, severd initial traffic and control conditions, such as the input hourly volume of
500 vph on each entry link, the proportion of turning movement Rt : Thr: Lt=1:2:1
for each intersection, and absence of signal control at any intersection, are specified before
simulation begins.

The TRAF-NETSIM simulation model can generate intermediate traffic flow data and
performance measures for individua intersections by intervals. The interval-based
approach flow data extracted during simulation will be applied to test the bus operation
control models.

A 5-minute base interva is used to construct the approach flow table. All flow rates
are expressed in terms of vehicles per hour (vph) in table 5-1. When executing the
simulation, the approach flows toward a specific intersection can be determined by
referring the corresponding intersection number, approach number, and time interval in the
flow table. Therefore, the approach flow rates for any intersection can be changed over

time.

5.1.2 Validity of Traffic Measures

Based on the previous time-dependent flow table, two measures are collected from
testing the model without any bus priority control. These two measures are total
intersection delay and expected bus delay.

The average hourly approach volumes for each intersection were generated from three
hour simulation runs using the TRAF-NETSIM model. Based on such approach volumes
and a preset 20-second minimum green time, the initial fixed timing plan can be designed
for each intersection. Table 5-2 lists the average hourly volumes and the 2-phase signa

timings for al 6 signals along the bus route.
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Table 5-1 Five-minute approach flow table

Minute
Approach | 00-05 | 05-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35 | 35-40 | 40-45 { -
804 792 792 804 780 792 816 828 792 | e

756 | 912 | 720 | 816 | 840 | 912 | 684 | 900 | 912 | -
336 | 408 | 432 | 456 | 480 | 408 | 492 | 420 | 408 | -

Minute
Avpproach | 00-05 | 05-10 10-15115-20 1 20-25 | 25-30 130-35 | 3540140451 . .. .. .. Il
1 [£<]0) Y1’z o0 92 91z Yl/Z 768 744 912 | ...

816 792 792 792 804 792 792 804 792 | ...
864 948 900 948 1056 | 948 1032 | 1032 | 948 o
720 456 504 600 480 Mimte | 456 480 600 456 | ...

Approach | 00-05 | 05-10 | 10-15 | 15-20 | 20-25]25-30 | 30-35 | 35-40 | 4045 | ...

| 756 708 684 852 756 | 708 732 924 708

2 804 792 972 912 816 | 792 708 792 792 e
3 720 804 768 768 672 804 828 708 804 | ...
4 504 372 444 516 564 372 456 444 372 | ...

Table 5-2 Hourly volumes and timing plans for intersections

Approach volume (vph)
Intersection 01 03 06 09 11 14
Approach1 | 797.8 | 732.8 | 828.0 | 721.2 | 1007.4 | 908.0
Approach 2 - 800.0 | 7924 | 4482 | 5142 | 450.0

Approach3 | 872.8 | 9894 | 746.8 | 820.2 | 786.2 | 804.2
Approach4 | 4298 | 538.8 | 447.2 | 835.0 | 803.8 -
Signal timing (seconds)
Cycle time | 66.61 | 103.07 | 46.90 | 46.57 | 128.38 [ 66.36
Greentime 1 | 40.41 | 53.67 | 20.90 | 20.10 | 68.07 | 40.36
Greentime2 | 20.00 | 43.40 | 20.00 | 20.47 | 54.31 | 20.00

The two measures, tota intersection delay and expected bus wait time, are obtained by
simulating 220 buses after discarding the first 50 buses in each direction with 5-minute

headways. The simulation results are compared with the theoretically expected values
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from fixed signal timing controls. Table 5-3 lists the comparison of total intersection

delays of both theoretical and simulated results by intersections. The simulation results

differ by an average of 7.68% from the theoretical ones based on uniform traffic flows.
Figure 5-2 and 5-3 show the total simulated delays in each 15-second time interval for

intersections 3 and 11.

Table 5-3 Comparison of total intersection delays

Total delay Intersection
(veh-sec/sec) | o1 03 06 09 11 14

Theoretical 6.53 | 20.18 | 9.26 935 [ 25.17 | 6.87

Simulated 623 | 19.99 | 10.23 | 11.16 | 24.33 | 6.30

Error (%) -4.59 | -0.009 | +10.48 | +19.36 | -3.34 | -8.30

Total delay (veh-sec/15 sec)
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Figure 5-2 Total delay for intersection 3
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Figure 5-3 Total delay for intersection 11

The theoretical bus delay can be computed with Eq. 4.10 based on the existing signal
timing and average approach volume. However, the variation of traffic demand for any
intersection can not be neglected in a simulation model. The delays for some buses may
increase as a temporary over-saturation or a long waiting queue occurs. Table 5-4 lists the
simulated bus delays with 5-min service headways and the theoretical delays at each
intersection on the east bound route. Table 5-5 lists these corresponding delays on the

west bound route.

Table 5-4_Comparison of average bus delays (east bound)

Delay Signalized intersection
(bus-sec) 01 03 06 09 11 14

Theoretical 8.44 1868 | 1278 | 11.76 | 28.76 | 9.33

Simulated 894 | 19.13 | 23.68 | 1485 | 3048 | 9.80
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Table 5-5 Comparison of average bus delays (west bound)

Delay Signalized intersection
(bus-sec) 01 03 06 09 11 14

Theoretical 900 | 23.64 | 11.50 | 12.56 | 23.34 8.52

Simulated 9.60 | 29.51 | 14.12 | 2048 | 23.51 | 8.76

|t should be noted that each of the simulated delays is greater than the corresponding
theoretical value in both tables. This is expectable because the theoretical wait times are
derived assuming no oversaturation. Y et, in the simulation, some buses may face over-
saturated conditions at signals and thus may incur greater delays before they get through
the signals. With such findings, the signal control model is found reasonable and is ready
for the subsequent tests in this chapter.

5-2 Dispatching Controlsat Bus Stops

In this section, the assumed bus route is operated with the fixed timing signal
control. Six cases of headways are analyzed to investigate the effect of headways on bus
movements. The same bus occupancy (i.e., the same load factor policy) is specified for
these cases.

No control, headway-based control, and schedule-based control are compared for
diierent headways. For the schedule-based control, the bus schedules are determined
with the following approach:

T =t, +i(r}" FE L) e, (5.1
=0
where
T;:  The bus schedule (departure time) at node i

To: The bus departure time at the original terminal
¢ The average moving time on jth link
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t#. The average stop time at nodgj. If nodgj is a bus stop, else ## =0
1#: The average delay time at node . Ifnodej is an signalized

intersection, otherwise tf =0.

The average delay at intersections is calculated based on the optimal cycle and
average traffic volume. In this approach, it is assumed that over-saturation does not exist.
that assumes all vehicles arriving at an intersection during current cycle will be discharged
within this green period. However, the approach can not deal with over-saturation. In fact,
a bus or an other vehicle may join the queue and can not leave the intersection during this
cycle due to excessive queue length. Therefore, the bus schedules determined with this
approach may be faster or lower than the optimal schedules. This may affect the
effectiveness of schedule-based controls.

5-2-1 Regularity of Bus Operations

In our model, we assume that passenger arrivals follow a Poisson Distribution. For
the Poisson distribution, the mean arrival rate of passengers is A, and the variance is A%
Since we specify that |oad factors are equal for different headways, the smaller headway
cases should have larger mean arrival rate and variation. Therefore, the number of
passengers loaded by each bus tends to be equd at larger headways, so that the bus
movements may have higher regularity at larger headways than at smaller headways.

The coefficient of variation is used to reflect the regularity of bus movements for

diierent headway cases. The coefficient of variation for headways is defined as.

Gl S oo (5.2)

S
H
where

Cy : Heaoway coefficient of variation

s: Headway standard deviation
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H: Headway

Figure 5-4 (for east bound) and figure 5-5 (for west bound) plot the headway
coefficient of variation against the headways. It can be seen that the coefficients of
variation decrease as headways increase. This result is consistent with the theoretical

analysis in chapter 3.

Coefficient of variation of headway
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Figure 5-4 Headway variation (east bound)

It should be noted that the headway-based controls improve the regularity of bus
movements more than the schedule-based controls at smaller headways. This result is
consistent with the analysis in chapter 3, in which the bus route follows urban streets
without signalized intersections.

In addition, a smaller headways, the implementation of bus dispatching controls has

greater effectiveness. The curve with dispatching control is obviously lower than the one
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without any dispatching control. Nevertheless, when headways tend to increase, the three
curves converge. This property implies that the value of controls declines at huger

headways and the control strategies may not be necessary.

Coefficient of variation of headway
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Figure 5-5 Headway variation (west bound)

5-2-2 Passenger Wait Time and Travel Time

The ideal passenger wait time curves in figure 5-6 (for east bound) and figure 5-7
(for west bound) should plot a diagonal straight line. For smaller headways, the
uncontrolled curve is above the straight line, while the headway-based and schedul e-based
controls are approximately linear. In these two figures, the headway-based control curves
are below the schedule-based control curves. This is because headway-based controls have

more regular of bus movements.
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Figure 5-6 Average wait time vs. headway (east bound)
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Figure 5-7 Average wait time vs. headway (west bound)



In figure 5-8 (for west bound) and figure 5-9 (for east bound), three curves for
passenger travel time amost overlap, except that a smaller headway cases, the schedule-
based control curve is dightly lower than the headway-based control curve, and both

controlled curves are lower than the uncontrolled one.

5-2-3 Bus Travel Time

From figure 5-10 (for east bound) and figure 5- 1 (for west bound), it can be seen
that when headways are large, the bus travel times for uncontrolled, headway-based
control, and schedule-based control converge. At smaller headways, the headway-based

control curve indicates higher travel times than the other two curves.

5-2-4 The Effect of Bus Occupancy

In the previous analysis, the east and west bound results are presented separately.
Different demands are assumed for the two directions, so that the bus occupancies diier.
The load factor at the critical point is about 0.75 east bound and is about 0.5 west bound.
Comparing the directional results, we can see that the east bound values (the direction
with more demand) are always higher than the west bound values. This shows that larger
load factors increase wait time, passenger travel time, bus travel time, and irregularity of
bus operations. However, as the bus load factor approaches 1 (i.e., the bus occupancy
approaches capacity), the characteristics may not hold. This is because the number of
passengers loaded by each bus tends to be egual, and each bus may have an occupancy
equal to bus load capacity. A more detailed analysis is provided in one of our previous
studies [69].
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5-2-5 The Effect of Signalized Intersections on Bus Operation

In Chapter 3, where signaized intersections are not explicitly considered, we
conclude that at shorter headway cases (e.g. 5 minutes), schedule-based control strategies
are preferred based on the lowest total operating cost criteria. In this section, control at
signalized intersections is modeled explicitly. The stop delay at signalized intersections,
effects of signals on the regularity of bus movements, passenger wait time, and passenger
travel time are computed.

Tables 5-6 and 5-7 present a comparison between routes without and with signalized
intersections in terms of standard deviation of headways, passenger wait time, passenger

in-vehicle time, passenger travel time, and one way bus travel time.

Table 5-6 Impact of signalized intersection (east bound)

Control Headwa | Wait | In-veh. | Travel | Bus
strategies ySID. | time | time | time | time

Uncontrolled 3.52 3.79 5.63 942 | 21.77
Signal | Schedule-based 1.76 3.02 5.61 8.63 | 22.13
Headway-based 0.84 2.65 6.09 8.74 | 24.51
Non- Uncontrolled 3.39 3.68 5.14 8.82 | 20.07
signal | Schedule-based 1.16 2.87 5.14 | 801 | 20.66
Headway-based 0.71 2.65 5.44 8.09 | 22.13
(1)/(4) | Uncontrolled 1.04 | 103 | 110 | 1.07 | 1.08
(2)/(5) | Schedule-based 1.52 1.05 1.09 1.08 1.07
(3)/(6) | Headway-based 1.18 1.00 1.12 1.08 1.11

O |00 | Oy | P W [ | —

From the above comparison, it can be seen that signalized intersections affect the
regularity of bus movement more for schedule-based controls than for headway-based
controls. For schedule-based control, the standard deviation of headway increases by
about 54% due to involving of signalized intersections, while for headway-based control,
by only about 20%. The passenger wait time increases by about 5% for schedule-based
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controls, while no change occurs for headway-based controls. However, the in-vehicle
time and bus travel time increase more for headway-based controls than for schedule-

based controls. This result affects on the structure of total costs.

Table 5-7 Impact of signalized intersection (west bound)

Control Headway | Wait | In-veh. | Travel | Bus
strategies STD. time time time time

Uncontrolled 2.88 3.24 4.98 8.22 | 18.61
Signal | Schedule-based 1.51 2.81 4.92 773 | 18.79
Headway-based 0.80 2.60 5.25 7.84 | 2041
Non- Uncontrolled 2.66 3.12 4.47 7.58 | 16.83
signal | Schedule-based 0.98 2.66 446 | 7.12 | 17.35
Headway-based 0.66 2.60 4.61 7.23 | 18.05
(1)/(4) { Uncontrolled 1.08 1.04 1.10 1.08 1.10
(2)/(5) | Schedule-based 1.54 1.05 1.10 1.08 1.08
(3)/(6) | Headway-based 1.21 1.00 1.10 1.09 1.13

O 100 | O W (B W N

5-2-6 Hourly Operating Cost

The hourly operating cost for two directions is computed based on the simulation
results. Since the specified operating cost consists of passenger wait cost, passenger in-
vehicle cost, and bus cost, the unit cost of the three components affects the total cost. In
figure 5-12, the tota cost curves are based on unit costs of $16/hour of wait time, $8/hour
of in-vehicle time, and $50/hour of bus time.

The two control strategies significantly decrease the total cost at shorter headways.
At longer headways, there are no significant differences between uncontrolled and the two
hinds of controlled operations. In addition, the two curves of headway-based controls and
schedule-based controls are very close. At smaller headways, the total cost of headway-
based controls is dightly lower that of schedule-based controls. Thisimplies that for a bus
route with signalized intersections, headway-based control strategies are better than
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schedule-based control strategies, based on the passenger wait time and total operating
cost criteria

If we change the unit cost values of wait time from $16 to $24, the curve of
headway-based controls will be lower than that of schedule-based controls at shorter
headways (figure 5-1 3). This is because that the headway-based controls have the

advantage of decreasing headway deviation and passenger wait times.
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Chapter 6 Adaptive Control Test Plan

6.1 Introduction

In previous chapters of this report, specific methods and algorithms for improving
transit operations are presented. These algorithms use input data of various kinds to make
the best transit vehicle control decisions possible. The purpose of this proposed test is to
evaluate the benefits of these decisions and assess whether better ones can be made with
either better input data or improved agorithms.

In general the algorithms can be tailored to accept a wide range of inputs, but the
inputs available depend on the specific transit system under study. For example, a ticketing
system which could provide as an input rea time origin-destination data on all boarded
and waiting passengers would improve dispatching decisions at transfer points relative to a
conventional system which could not provide that information. In those cases where real-
time data are not available the agorithms will assume values for the missing data.

In presenting this test plan the inputs available for the specific transit system used in
the study are unknown so a general approach will be used. The test plan details will follow
abrief summary of the basic elements of adaptive transit control, and a general procedura

outline for testing.

6.2 Elements of an Adaptive Transit Control System

The transit control system given in this paper consists of inputs, computer agorithms,
and outputs. Input data can take many forms; from AVL data to traffic conditions along a
transit route to historical origin-destination data, etc. The input data are collected by a
computer which runs agorithms to calculate the lowest cost decision(s) to make. These
decisions (outputs) may be of three types: traffic signal control, transit vehicle speed
control (either skipping a stop, holding a a stop, or maintaining vehicle speed between



stops), or dispatching decisions for waiting transit vehicles at transfer points. As discussed

In previous sections, decisions are based on minimizing a total cost function.

6.2.1 General Test Procedure
A. Select a single trangit vehicle route for study.
A single route is appropriate as it is less difficult to measure than multiple routes.

Preferably the route and vehicle will have some of the following features:

1. At least one transfer point along its length.

2. At least one signalized intersection aong the route which allows some degree of
signal timing control in red time.

3. AVL capahility to alow monitoring of a transit vehicle along its route.

4. Loop detectors or other means of detecting traffic flows on approaches to signalized
intersections and queue length.

5. Any additional data acquisition capabilities not mentioned above, such as passenger
counters on vehicles and automatic fare boxes.

6. Any additional route-specific historical data.

B. Measure the existing route parameters without applying control (see Section 6.3,
Measures of Effectiveness, for parameters to measure. Note that traffic signal related
delays, items A4, AS, and A6, do not need to be measured at this step). It should be
noted that this step and subsequent steps assume the use of a computer to store and
time stamp incoming data (system inputs and outputs).

C. Measure route parameters (from B above) on at least one other similar, nearby route
which is not expected to be directly affected by any of the control decisions made
during the test. Measurements on this route will be taken during the course of the test
aswell. Thiswill serve as an indicator of genera transit system trends before and
during the test.



D. Measure the signa control algorithm impact aone at a single signa on the route. This
requires asignal with real-time controllable phases and a communication link between
the bus and control center and control center and signal. For improved accuracy of the
calculated cost function (and thus control decision) more information would be
desirable, such as occupancy and queue detector data at al approaches to the
Intersection and passenger count data from the bus. The primary MOE'’ s for
comparison will be A4 and A5 from section 6.3, below.

E. Evaluate the performance of each speed control agorithm aong aroute.

1. Evaluate stop skipping method alone.

2. Evaluate stop holding method alone.

3. Evauate speed control between stops method.
4. Evaluate al three of the above.

AVL data would be particularly useful to improve control decisions. Also,
appropriate MOE's will be passenger wait time at stops and travel time distributions,
details are specified in section 6.3.

All of the above methods require communication with the drivers, and require their
adherence to the instructions. While speed control methods often are not practical
given traffic and passenger demands to/from stops, if feasible, driver adherence to
control input should be evaluated.

F. Evduate the dispatching control agorithm aone at a single transfer point. For
smplicity, this will preferably be a transfer with only one other route. AVL, bus
occupancy data, and passenger destination data would all improve the quality of the
dispatching decision to lesser or greater degrees. Transfer efficiency measures will be
discussed in section 6.3.

G. Run al control methods together (4 through 7, above) and measure all route
parameters.

H. Compare the results among the various trials.
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6.2.2 Specific Tests
Two types of tests will be described: first stage and later stage tests. First stage tests
target each control method independently (speed control, signal control, and dispatching
control) to validate the control algorithms described earlier. Later stage tests combine
some or al first stage tests aong with refinements found while running the earlier tests.
A. First stage tests.
Test 1. Signa Control
Purpose:
To evauate the effectiveness of a signal control algorithm which minimizes tota
cost for al travelers and vehicles at a single intersection.
Hardware requirements:

1. Vehicle detectors a al approaches to a selected intersection to indicate vehicle flow
rates and queues by approach.

2. Hardware for the detection of bus arrival and departure to/from the selected
intersection. An accurate AVL system or specially modified loop detectors that can
discriminate between buses and other vehicles could be used.

3. Real-time signa timing plan modifications; local signal controllers with the ability to
accept and immediately implement new signal timing plans sent from a remote
controller.

4. Communication lines connecting the detectors (1 and 2) and the local signal
controller to aremote controller (where timing decisions are made).

5. A data acquisition system presumably built into the remote controller to record all
Inputs and outputs to/from the remote controller over time. The acquisition rate
should be at least 1 Hz.

6. Preferably some type of passenger counter (either APC or human counter) to

indicate bus occupancy periodically by radio, although historical occupancy data, if
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available, could be substituted. If radioed in, the occupancy value would need to be
manually entered by the dispatcher (or other person receiving data) into a console
connected to the remote controller.
Test procedure:

1. Select an intersection that meets the requirements given above.

2. Choose a two week study period during which regular traffic patterns are expected
through the intersection and immediate vicinity.

3. Data acquisition system should be set to run continuously during the study period.

4, Start the test without any signal control (normal signal operation).

5. After 24 hours employ the signal control algorithm (activate the remote controller).

6. Continue to aternate every 24 hours between controlled and normal (uncontrolled)
signal operation.

7. Throughout the test local traffic disturbances should be closely monitored and

recorded.

8. At the end of the test period the collected data should be separated into
“ Controlled” and “ Not Controlled” categories and statistics on the following
MOE's should be manually generated (see 6.3 for calculating the values given
below):

a Average traveler delay cost at intersection

b. Average vehicle delay cost at intersection

c. Average trangit passenger delay cost at intersection

d. Average non-transit passenger delay cost at intersection
e. Total cost/hour at intersection

f Average trangit vehicle wait time at intersection

g. Average hourly vehicle volumes by approach

Expectations:
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It is expected that the signa control algorithm will reduce average costs listed
above, with the possible exception of non-transit passenger delay cost (although thisis
unlikely as it would indicate a very high bus to car ratio). Thisimplies that average
transit vehicle wait time is expected to decrease, and average vehicle volumes may or
may not increase, but probably will increase. The above test should validate the signa
control agorithm by reducing intersection costs, in particular bus and bus passenger
delays. A future test would involve signal control along with speed control and/or
dispatching control at transfer points to improve bus schedule adherence and transfer
synchronization (to be discussed later). Those tests would use a diierent total cost

function.

Test 2. Speed Control
Purpose:
This test will evaluate each of three methods of transit vehicle speed control for
schedule adherence: stop holding, stop skipping, and in-route speed control.
Hardware requirements.
1. A means of recording and inputting to the control computer the location of each bus
over time. This can be done in severa ways.
a. The bus driver manually radios his position to a dispatcher at every bus stop.
The dispatcher immediately sends that location to the control computer, by
means of akeyboard or other interface
b. An AVL system which automatically records vehicle position over time is the
better solution, if available. Some interface between the AVL hardware and the
control computer would be needed for the computer to recognize the AVL
data relative to the schedule (to match the AVL's (time, position) data to
scheduled (time, position) and take the difference between them).

2. A means of sending speed control information to the driver.
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a. The desired speed control instructions (action to take and for how long) for a
given bus would be displayed on a dispatcher’s monitor then relayed by radio
to the driver.

b. The desired instructions would be sent directly from the control computer to a
display mounted by the driver.

3. Data acquisition system presumably built into the remote controller to record all
inputs and outputs to/from the control computer over time. The acquisition rate
should be at least 1 Hz.

Test Procedure:

The test procedure is made up of four sub-procedures.  stop holding, stop

skipping, in-route speed control, al three controls smultaneoudly.

Procedure 1. Stop skipping:

1. Select a single bus route with the following characteristics for testing: a one way
route with a minimum of 15 stops, headway of 30 minutes, and a maximum
scheduled trip time of 30 minutes.

2. Choose a two week study period during which regular traffic patterns are
expected along the bus route and immediate vicinity

3. Send each bus on the route at exactly the scheduled departure time.

4. Code each bus by identification number and start the data acquisition system to
record each bus' movements along the route over time for the duration of the
test.

5. For the first 24 hours of the test follow normal bus operations.

6. For the next 24 hours engage the control system. Continue to alternate every 24
hours between controlled and normal operation for the duration of the test.

7. Unusual traffic conditions along the route should be observed and noted by every

driver at the end of each run.
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8. At the end of the test period the collected data should be separated into
“ Controlled” and “ Not Controlled” categories and statistics on the following
MOE's should be manually generated (see 6.3 for calculating the values given
below):
a Mean and standard deviation of difference between scheduled and actual
arival times at every stop.

b. Mean and standard deviation of route travel time.

Procedure 2: Stop holding.

Procedure 3: In-route speed control.

Procedure 4: All three speed control methods simultaneously.

These procedures are essentially identical to that of Procedure 1 (above). All that
differs is the type of control command sent (hold instead of skip, etc.) and the
agorithms running in the control computer.

Expectations:.

It is expected that stop skipping alone would reduce average travel times, stop
holding alone would increase average travel times, and speed control might do either.
The effect of any or all of the control methods should be to move the actual mean
arrival times at stops closer to the scheduled times, and reduce the variance of arrival
times. The success of some or al of these methods will indicate which methods to use
for the more comprehensive later stage tests where the schedule adherence issue

becomes tied directly to a total cost function.

Test 3. Dispatching control at transfer station.
Purpose:
This test will evaluate a method for improved bus transfer efficiency through rea
time dispatching control at a transfer point.

Hardware requirements:
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The requirements here are the same as in the speed control tests (a means of
tracking the buses and giving the driver timely instructions) aong with other
requirements.

1. A means of knowing that a transferring bus has arrived at transfer point and when.
This information would probably be radioed by the driver to the dispatcher upon
arrival, and the dispatcher would send the information immediately to the control
computer. The control computer must also be programmed to know when
transfers are scheduled to occur.

2. Preferably some type of passenger counter (either APC or human counter) to
indicate bus occupancy on both the waiting and due buses. If radioed in, the
occupancy values would need to be manually entered by the dispatcher (or other
person receiving data) to the control computer.

3. Some prediction of transfer volumes between buses. This could come either from a
modem fare collection device that knows the destinations of all passengers in the
system, and relays this information to the control computer (so the computer
knows how many passengers from each bus will board the other bus). Otherwise,
historical transfer data, if available would need to be used. Either way, the values
of expected transfer passengers must be sent to the control computer.

Test Procedure:

1. Select a single transfer point and two bus routes that connect through it with
significant transfer volume and frequency (say at least 10% of total passengers
arriving at transfer point transfer, and the transfer is scheduled at least once per
hour during the day).

2. Choose a two week study period during which regular traffic patterns are expected
aong the two bus routes and immediate vicinity.

3. Code both buses by identification number and turn on the data acquisition system to

record each bus' movements along the route over time for the duration of the test.
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4. For thefirst 24 hours of the test follow normal bus operations.

5. For the next 24 hours engage the control system. Continue to alternate every 24
hours between controlled and normal operation for the duration of the test.

6. Unusua traffic conditions along the route should be observed and noted by every
driver at the end of each run.

7. At the end of the test period the collected data should be separated into
“ Controlled” and “ Not Controlled” categories and statistics on the following
MOE's should be manually generated (see 6.3 for calculating the values given
below):

a Delay cost to passengers on the ready bus (waiting).
b. Missed connection cost to passengers on late (incoming) bus.
c. Total cost of transfer (includes aand b above, and bus operating costs).
Expectations:
It is expected that al costs (a b, and c) will decrease under controlled operation. If
successful, this control objective can be combined with control objectives from
schedule adherence and signal timing strategies to form a total cost function that

includes al three objectives.

B. Later stage tests
1. Combined vehicle speed and dispatching control.
Purpose:

This test is intended to measure the combined benefits of red-time transit vehicle
speed and dispatching control methods relative to normal (uncontrolled) operation
for two connecting routes.

It is expected that only the most effective of the speed control methods tested in
the first stage (whether stop holding, skipping, in-route speed control, or al three)
will be used here.
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Hardware Requirements.

These will be exactly asin the first stage dispatching control test (see Iltem A3
above), with the addition of the following:

Some means of counting or estimating passenger arrivals at each stop along the
two routes. There are several ways to do this like relying on waiting passengers to
press a button to indicate that they are waiting, or mounting video cameras to be
reviewed by a person or image processor, but having human counters at each stop
would probably be the most reliable and timely. Unfortunately thisis an expensive
option. The other possibility is to smply assume an arrival distribution based on
historical or other data. This arrival information helps the computer to make the
best control decision.

Test Procedure:

Although the control algorithm used is different, the procedure used will be the
same as that used in the first stage dispatching control test (see Item A3 above). The
MOE’ swill be similar, but will include additional measures. As before, the collected
data should be separated into “ Controlled” and “ Not Controlled” categories and
statistics on the following MOE’s should be generated (see 6.3 for calculating the
values given below):

a. Mean and standard deviation of difference between scheduled and actual arrival

times at every stop (for both routes).

b. Mean and standard deviation of route travel time for each route.

c. Delay cost to passengers on the ready bus (waiting).

d. Missed connection cost to passengers on late (incoming) bus.

e. Total cost of transfer (includes ¢ and d above, and bus operating costs).

f Delay cost of waiting passengers a stops.

g. In-vehicle travel time cost.

h. Total system cost (includes al delay and vehicle operating costs).
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Expectations:

All costs are expected to be lower under controlled operation as schedule

adherence (and thus wait times) will be improved as will be transfer efficiency.

2. Combined vehicle speed, dispatching control, and signal control.
Purpose:

This test is intended to measure the combined benefits of real-time transit vehicle
speed, dispatching control, and traffic Signal control methods relative to normal
(uncontrolled) operation for two connecting routes.

Hardware requirements:

Thiswill include hardware requirements for all of the first stage tests described
above. In particular, the signa control hardware would preferably be incorporated
into every signal aong the two connecting routes; the more signals involved the
lower the expected total cost to all travelersin the network.

Procedure:

Again, this test will be run with adiierent control algorithm, but will follow the

procedure used in the first stage dispatching control test. As before, the collected

data should be separated into “ Controlled” and “ Not Controlled” categories and
statistics on the following MOE's should be generated. The same MOE’s used
above for the speed and dispatching control will be used here with the addition of

delay cost to non-transit vehicles a al controlled intersections.

The above later stage tests could be directly extended to include many routes, many
transfer points, and many traffic signals. The only difference is that there would be more
routes and signal's to monitor and instructions to send, while the algorithms used would be

exactly the same as in the two route case.
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6.3 Measures of Effectiveness
The following is a description of both the specific measures given in the test plans

above and the general parameters for measurement. In genera the most important

measure of performance is atotal cost function incorporating vehicle operating costs and
delay costs to all travelers within and affected by the transit system. Almost every measure
relates directly or indirectly to such a cost function.

A. Controlled-signal intersection specific measures. This category deals with measuring
delay costs associated signal timing decisions. All of these values will be generated
(and stored) by the control computer when calculating the signal plan to use; no
caculations are required by the person running the test.

1. Average transit passenger delay cost at intersection, in $hour. This requires
knowing the time when the vehicle arrives at and clears the intersection, how many
passengers are on-hoard, and assigning a value to the passengers time. An AVL
system or roadway detectors that indicate presence of a transit vehicle could
provide the arrival and departure times at/from the intersection, as could the
driver, if attentive to this task (for example push a button on a console connected
by radio to the control center to indicate arrival/departure). The number of
passengers aboard could be obtained from APC or bus monitors.

2. Average non-trangit traveler delay cost at intersection, in $/hour. Measurement
requires knowledge of the arrival and departure rates of vehicles to/from the
intersection over time, average occupancy per vehicle, and the vaue of traveler
time. While the latter two parameters can be assumed, based on historical (or
other) data, the question of arrival and departure rates is more diicult. For details
on the assumptions and calculations required, see the section of the report
addressing the signal timing agorithm.

3. Average non-trangit vehicle delay cost, in $/hour. This cost comes directly from b

above, but substitute the value of vehicle timein place of traveler time.
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4. Average traveler delay cost at intersection, in $/hour. Thisis the sum of 1 and 2
above.

5. Total system cost at intersection, in $/hour. This is the sum of 3 and 4 above and
the trangit vehicle operating cost (calculated as 1 above, but with value of vehicle
time instead of passenger time).

6. Average transit vehicle wait time at intersection, in minutes. The wait time is aready
cdculated in a above to get the delay cost to passengers.

7. Average hourly vehicle volume by approach, in vehicles per hour. This value comes
directly from vehicle detector data; simply integrate the detector data over each
hour for each approach.

B. Speed control specific measures.

1. Difference between scheduled and actual arrival times at stops, in minutes. The
actual arrival times will be provided to the control computer for speed control
decisions (whether by AVL or other means) and the scheduled arrival times are
known. The control computer stores this difference value for each stop and route
over time.

2. Difference between scheduled and actual route travel time, in minutes. Thisis
effectively the same as 1 above, but for the final Stop on the route.

C. Transfer control specific measures.

1. Delay cost to passengers on waiting bus, in $/hour. This is given by the amount of
time after the scheduled departure that the bus actualy leaves. This data along
with the number of passengers on the bus and the value of their time gives the
delay cost. The scheduled departure time is known, and the actual departure time
IS recorded by the control computer. The computer calculates and records this cost
for every transfer.

2. Missed connection cost to late arriving bus passengers, in $/hour. As above the

computer calculates and records this value. It is based on the arriva time of the
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late bus, and the time until the next meeting bus. The number of passengers
transferring is measured or estimated (as discussed previously) and used by the
control computer for a dispatching decision.

3. Total transfer cost, $hour. Thisis the sum of 1 and 2 above and bus operating costs
for the waiting bus. Thisis caculated and recorded by the computer.

D. Other costs.

1. Delay cost to passengers waiting a stops, $/hour. The wait time of passengers
could be measured directly by stationing human counters at each stop to measure
arivals over time, but more likely an average wait time will be assumed based on a
predicted arrival distribution. See the previous discussion of the schedule
adherence algorithm. A value of time will be assigned. The computer will record
this cost.

2. In-vehicle travel time cost, $/hour. To measure this exactly would require human

counters or an APC system to measure occupancy over time. Otherwise historical
average occupancy data, if available, could be used. The computer will record this
cost.

3. Total system cost, $/hour. Again this will be a sum of the above, and will be
recorded by the control computer. It includes 1 and 2 above, the total transfer cost
discussed in the previous section (if transfers are being performed), the total signal
control cost previously discussed (if signals are being controlled in the test), and
vehicle operating costs (ii not already included).

E. Miscellaneous

1. Ridership, in passengers per hour. Evaluate the mean and standard deviation of the
distribution,

2. Network delays caused by disruption of a coordinated signal system (ii test is done

within such a system). This may not be practical to measure.
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3. Passenger perceptions. This covers such subjective issues as perceived service,
security, safety, convenience, and other difficult to quantify measures. This would
be measured through passenger questionnaires.

4. Fuel consumption and exhaust emissions. These are closely related costs which are
not explicitly targeted by the total cost function. Although these parameters can be
recorded directly for the transit vehicles, they can only be estimated for cars
affected by the test.

6.4 Test Logistics

A. Coordination between transit and traffic agencies. Because this transit system test
involves inputs from the roadways and control of traffic signal(s), the traffic
engineering division must cooperate with the transit division to enable a successful
test. The conversion of a conventional traffic signal to a real time controllable one is
not a simple task and will require hardware modifications to the existing signal
controller. In addition, signal wires must be run from the local signal controller to the
main control center where the decision agorithms are run so that the control center
can directly control the signa. This type of work is clearly within the realm of the
traffic department. Furthermore the traffic department is unlikely to view the test as
beneficia (particularly as any glitches in the operation of the signal will be for them to
repair) and may be resistant to participating. Given this, it may help to establish an
independent person or group (for example an M-IS office) to oversee the experiment
with authority over both agencies on matters specific to the test.

B. Cooperation of driversin test. It will be very important that the drivers follow the
speed control decisions or the test will have little value. As mentioned before, a means
of measuring driver adherence to the decisions would be helpful if possible. In general,
the drivers should be exposed to the test and the importance of following the test

procedure.
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C. Palice natification. The local police should be made aware of the test period and area.
In particular they should know which signal(s) will be controlled. There should always
be the ability to switch the signal(s) back to standard operation in case of any faulty
operation.

D. Test Assistants. Many of the tests outlined in this plan require (or would be enhanced
by) human assistance for various tasks. For example: People to count passengers on
buses, and stops, people to receive incoming signals from the bus drivers in the field
and trandate their information into keystrokes on a keypad for the control computer to
recognize.

E. Transit system coordination. Although al of the tests outlined in this plan require
turning the control on and off every 24 hours, the day to day operations will be the
same, and the control computer will still be turned on, receiving inputs (just not
sending outputs). Therefore all that is required isto turn on/off the output from the
computer as necessary, and make all drivers aware that if they do not receive control
information, they should just run the routes normally. Otherwise, they should follow

the instructions exactly.
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Chapter 7 Conclusions and Recommendations

7.1 Summary

Bus priority treatments, such as provision of exclusive right of way, vehicle
dispatching control, and signal preemption, have been used in various efforts to improve
bus transit services. Among these, vehicle dispatching control is intended to improve
passenger waiting times on bus routes. Severa options, such as bus schedule adjustment,
adjustment of bus headways, and turning back vehicles before the end of their route, have
been found effective for route control.

Previous bus dispatching control studies provide considerable information on the
analytic approaches used and actual experience obtained. Schedule adjustment studies
have especialy considered bus dwell time, bus running time or running speed, schedule
coordination, and timed-transfer requirements. Some papers suggest that realistic
schedules are very important in achieving reliable bus service. Bus headways may be
adjusted by either holding early buses or skipping stops in order to either adhere to
schedule or maintain more equal intervals between successive buses. Some studies have
mainly focused on determining threshold va ues for holding and stop-skipping controls and
on identifying optimal control points along routes.

Traffic Signals may also be controlled to favorably influence the movements of buses.
Several real-time control models with bus priority functions are reviewed in this study.
These models, such as SCATS, SPPORT, and UTOPIA, treat bus movementsin quite
different ways. With real-time traffic information, the treatments may include green phase
extension, phase early cut-off, priority-based phase allocation, or phase design with
minimum traffic cost, In contrast to real-time models, an enhanced off-line mode,
PREEMPT, uses “need” and “eligibility” criteriato qualify a bus preemption decision. This
model can be operated by using its built-in elasticity-based demand algorithm without any

on-board quick-response equipment. In addition, some other simulation models such as
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TRANSYT and some adaptive signa control systems, such as UTCS, SCOOT, and
PRODYN are also described in chapter 2.

To improve the movements of buses along routes without incurring delays to other
traffic, a new simulation model has been developed in this study. The model has the
following features:

(1) Tracing the movement of each bus at al times along a bus route.

(2) Measuring the performance of bus operations in terms of passenger travel times and
wait times, bus travel times, and headway regularity.

(3) Reflecting the effect of control strategies on bus performance.

(4) Considering conditions such as fluctuating traffic volumes, passenger arrivals, limited
bus load capacity, and bus bunching.

(5) Estimating the costs to users as well as operators.

(6) Providing real-time information on bus movements and on-board passengers to
adaptive signa control models for decision making.

With the existing signal control concepts, an adaptive signal control model is also
developed by considering two basic requirements:

(1) Any bus priority decision should be based on the minimum traffic operating cost
(TOC).

(2) The model should be simple enough to quickly evaluate possible traffic Situations
and make decisions.

The signal control model for preempting bus movements has the following features:

(1) Recording and updating traffic flow patterns occurring in the past, current and future
stage in each 15 second time interval.

(2) Constructing a signal transition period based on the recorded traffic patterns and the
signa timing plan.

(3) Estimating measures of effectiveness (MOE’s), mainly passenger car delay, total

number of stops, and bus delay.



(4) Computing and optimizing the TOC for the entire transition period.
(5) Determining the optima signal phasing with minimum TOC for each time step.
Both the bus dispatching control and signal preemption control models are operated
mainly for:
(1) Identifying the critical control variables.

For the bus dispatching control, these include the effects of holding and stop-
shipping control parameters on wait time, in-vehicle time, bus travel time, and
regularity of headways are analyzed and optimized based on suggested objective
function. For the signal preemption control, these include the effects of adjusted
phasing on the TOC function are analyzed. By using the Fibonacci search algorithm,
the optimal control timing with aminimum TOC value at each time step is determined.

(2) Analyzing and comparing bus control strategies.

Headway-based control, schedule-based control, as well as uncontrolled options

are compared for unsignalized and signalized bus routes, based on various criteria.
(3) Conducting sensitivity analysis.

For the bus dispatching control, the effects of headway, load factor, and time value

on total cost are analyzed. For the signa preemption control, the effects of bus service

headway, average time value of passengers, and signal phasing are also analyzed.

7.2 Conclusions
1. Review of system control architecture

In recent years, severa methods for adjusting bus schedules or headways to achieve
better route control effects have been developed. Such methods have yielded some
improvements in bus travel times, dwell times and passenger wait times. Optimal control
has been considered in some studies. The weaknesses found in these studies are listed as
follows:

(1) Ignoring the dependent relation between bus arrivals and control strategies.
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(2) Neglecting the influence of bus capacity on regularity of bus movements.

(3) Implementing controls only at limited control points, thus reducing the control
effectiveness.

(4) Lacking comprehensive analyses of control effects on passenger service quality and
related operating costs.

A redl-time signa control model is generaly considered more flexible in
accommodating bus operations than a fixed-time control model. The performance
measures for a bus-actuated system are better than for a fixed-time system when aso
considering the side street tragic. However, due to the difficulties of processing on-line
data concurrently, both control models fail to treat on-line transit operations effectively.
Severa weaknesses have been found among the real-time control systems:

(1) Though almost all systems provide reasonable control features, some still fail to treat
two or more transit vehicles coming concurrently from different approaches.

(2) Systems have limited capability for dynamically forecasting uncertain traffic patterns.

(3) Costly high-speed computers and communication systems are required for rea-time
signa systems.

(4) Long computation times in optimization procedures are needed to make each control
decision.

(5) The reiability of O-D prediction in some modelsis still low for practical
applications.

2. Development of bus dispatching control model
Comparisons between headway-based control and schedule-based control as well as
optimization for combinations of holding and skipping controls were conducted in this
study. The primary conclusions from our numerica results are as follows:
(1) The holding control parameter is the most critical decision-making variable in bus

controls at bus stops. Holding control can improve significantly the regularity of bus
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movement. With holding control, the average wait time of passengers decreases.
However, the average in-vehicle time of passengers and the average bus travel time
increases, Under schedule-based control strategies, early buses should be held until
the pre-planned schedule. Under headway-based control strategies, early buses
should not be held until the pre-planned headway.

(2) Stop-skipping control can be used to speed up bus movements and regulate
headways. However, tight stop-skipping control significantly increase average wait
time. The experimental results from several patterns of load factors and headways
show that skipping control does not significantly decrease either user cost or total
costs. However, overly tight holding control may make things worse. Therefore,
stop-shipping control is not recommended.

(3) A headway-based control strategy has advantages compared to schedule-based
control in improving the regularity of bus movements and reducing wait times. Its
disadvantages are increases in both bus and passenger travel times. Hence, headway-
based control must tradeoff between wait time and travel time. In addition, with
headway-based control, the location and departure time of the preceding bus should
be sent to the following bus. Thus, suitable communication equipment is needed on
buses.

(4) Schedule-based controls have advantages compared to headway-based control in
improving passenger in-vehicle times and bus travel times. Such controls are easy to
implement because they do not need information of bus locations. In addition,
schedule-based controls improve the on-time performance of bus service. Thisis
very important for long headway situations. Thus, schedule-based control strategies
are strongly recommended.

(5) Bus controls yields greater benefits at higher bus frequencies and load factors than at
lower frequencies and load factors. At low loads and low frequencies, uncontrolled

operation would not be worse than controlled operation.
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(6) The deviation of headway (a measure of bus movement regularity) should not be
taken as a unique decision-making criterion. Greater regularity of bus services may
not be consistent with lower passenger cost, A narrower control range would yield
more regular movement of buses, but increase passenger wait time and travel time.

(7) The total cost is a more comprehensive and hence preferable decision-making
objective. It includes both user cost and supplier cost. The total cost is influenced by
fraction of user cost and supplier cost, value of wait time and in-vehicle time, and

passenger demand.

3. Development of signal preemption model for buses
Comparisons of operations with and without bus priority controls were made in this
study. The main results are as follows:

(1) The total bus delay without bus priority is higher than with the bus priority model.
For any bus headway, our priority model can significantly improve bus delays, by up
to 55%.

(2) Bus priority may impose excessive operating costs, such as delay or vehicular stops,
to other traffic modes. As the scheduled bus headway increases, the traffic operating
cost (TOC) decreases both with and without priority controls. However, the
difference between the two TOC's decreases as the bus headway increases. This
implies that bus priority control is preferable for short bus headways. As the bus
headways get large, the TOC saving from bus priority controlsis very limited.

(3) In the long run, scheduled bus headways may have no effect on the improvement of
total bus delay at signals. However, dense bus platooning or concurrent arrivals
cause frequent changes in signal phasing and thus increase costs to other traffic.
Thus, the TOC of bus priority control with long bus headways is lower than that
with short bus headways.
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(4) With abus priority control, the bus operating cost contributing to TOC decreases as
the unit bus delay cost increases. This is because the control model causes lower
delay to the buses with higher unit delay costs.

(5) As shown in figure 4-14, a boundary condition can be developed to determine which
buses should receive absolute priority (i.e., immediate green) and which buses should
receive alower priority treatment.

(6) To obtain arelatively low TOC, longer cycles than the minimal one are preferable.
However, as the bus headways increase, the rarity of timing disturbances tends to
restore minimal cycles.

(7) Appropriate signa timing can reduce the TOC in the long run. Using a minimal
feasible cycle for bus priority controls might be cost-effective if the average bus

headway is extremely long. Otherwise, a longer basic cycle is preferable.

7.3 Recommendationsfor FutureResear ch
(1) Optimization of bus fleet size
In this model, bus layover time is a deterministic parameter used to calculate the
required number of buses. It is assumed that buses can be available at the terminal
anytime. In practice, layover time available to buses is a random variable due to the
uncertainty of bus arrival time at terminal stations. Thus, if a bus returns late to the
original termind, it can not be dispatched on time. Therefore, the developed model
should be improved to redistically determine bus fleet size under probabilistic
conditions.
(2) Prediction of bus arrival times
The bus arrival time distribution is useful for dispatching buses, especialy in a
timed transfer transit system. A bus arriva prediction model should be developed to

take advantage of traffic monitoring and automatic vehicle location systems.
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(3) Prediction of passenger demand and ridership
Improved models should be developed to estimate the passengers waiting for
buses, the passengers on board buses who would be delayed by control decisions and
the passengers wishing to transfer to other routes. It would be especially useful to
integrate our models with standard demand forecasting models.
(4) Improved control at transfer stations
Bus controls should be oriented toward maintaining the regularity of bus operation
on their route and minimizing connection costs at transfer stations.
(5) Model the operation and control of light rail transit (LRT)
The models developed here could be modified relatively easily to handle LRT
operations through signalized intersections and a transfer stations.
(6) Improved traffic Ssmulation
It would be desirable to integrate the transit control models for buses and LRT
with traffic Ssmulation models to improve the prediction of traffic conditions and travel

times in congested networks.
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